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SUMMARY
Over the last 50 years, flow cytometry has evolved from a modest cell counter
into an invaluable analytical tool that measures an ever-expanding variety of phe-
notypes. Flow cytometers interrogate passing samples with laser light and measure
the elastically scattered photons to ascertain information about sample size, granu-
larity, and basic morphology. Obtaining molecular information, however, requires the
addition of exogenous fluorescent labels. These labels, although a power tool, have
numerous challenges and limitations such as large emission spectra, non-specific bind-
ing, available conjugation chemistries, and cellular toxicity, which can alter cellular
chemistries . Additionally, these labels may affect the dynamics and thermodynamics
of samples such as the lipid bilayer in cell membranes, and the process of conjugat-
ing fluorophores and labeling cells can be time consuming; thus, reducing clinical
turn-around times and affecting time-sensitive samples . To move beyond fluorescent
labels in microscopy, a variety of techniques that probe the intrinsic Raman vibrations
within a sample have been developed, such as coherent anti-Stokes Raman scattering
(CARS) and Raman microspectroscopy.
In this dissertation, I present the first development of a label-free flow cytome-
ter that measures the elastically scattered photons and probes the intrinsic Raman
vibrations of passing samples using multiplex coherent anti-Stokes Raman scattering
(MCARS). MCARS, a CARS technique that probes a large region of the Raman
spectrum simultaneously, provides rich molecularly-sensitive information. Further-
more, I present its application to sorting polymer microparticles and its use in two
example biological applications: monitoring lipid bodies within cultures of Saccha-
romyces cerevisiae, a model yeast with numerous human homologs, and monitoring
xxvi
the affect of nitrogen starvation on Phaeodactylum tricornutum, a diatom, which is





Flow cytometry is a robust technique for the multiparameter analysis of sample popu-
lations with a myriad of uses in biology and medicine: from routine clinical diagnosis
of hematological diseases [1–8] to monitoring and investigating marine ecologies, such
as toxic algal blooms [9, 10] . Flowing samples are probed at high-speed by one or
more lasers, and the scattered photons are measured by multiple detectors. The
elastically scattered photons provide information about the morphology and inter-
nal “complexity” of the passing samples. To obtain molecularly specific informa-
tion, however, typically requires the addition of exogenous fluorophores [1, 11–13].
These labels, although a long-standing and powerful tool, have several limitations
and challenges, such as nonspecific binding and cytotoxicity, which can alter cellu-
lar chemistries and perturb the experimental outcomes [1, 11, 14]. Additionally, the
process of conjugating fluorophores and labeling cells can be time consuming; thus,
reducing clinical turnaround times and affecting time-sensitive samples (e.g., [15]).
Despite these challenges and motivated by the geometric scaling of information, flow
cytometers continue to not only rely upon fluorescent labels for molecularly specific
information, but also these devices increasingly push the number of labels that can
be simultaneously measured. Fluorescent labels, however, emit a broad spectrum of
light that challenges the continued expansion of fluorescence-based flow cytometry.
To alleviate the difficulties associated with fluorescent labels, researchers have de-
veloped several technologies in microscopy and flow cytometry. Some technologies,
such as quantum dots (QDs) and surface-enhanced Raman scattering (SERS) labels,
1
aim to replace traditional organic fluorophores with labels that operate under dif-
ferent optical mechanisms. QDs are inorganic nanoparticles that are excitable over
a significantly broader bandwidth than organic fluorophores, and QDs emit photons
within a narrower bandwidth; thus, they can be more densely multiplexed [1,16,17].
SERS labels, unlike organic dyes or QDs, emit complex spectra with narrow spectral
features that act as spectral bar codes; thus, dense multiplexing is possible, but more
sophisticated methods are necessary to spectrally distinguish different labels [18]. An
entirely different route to reduce the challenges associated with fluorescent labels is
to remove them entirely.
With the growing challenges posed by organic fluorophores and the increasing de-
sire for more information, there is a push for label-free molecularly specific/sensitive
techniques—not only in flow cytometry, but also in microscopy. One such technique
is Raman spectroscopy in which incident photons inelastically scatter through inter-
actions with sample molecular vibrations [19–22]. As this is a spontaneous process,
approximately 1 of every 1,000,000 incident photons experience Raman scattering [22].
The incident photons gain (anti-Stokes scattering) or lose (Stokes scattering) energy
equal to the vibrational energy between bonded atoms; thus, providing molecularly
specific information about the sample of interest. This technique has a long standing
history of detailed molecular analysis in the physical and life sciences ranging from
differentiating healthy and diseased lymphocytes [23, 24] to finding defects in semi-
conductor growths [25, 26]. Recently, this technique was successfully applied to flow
cytometry, but it required long integration times due to the weak signal created by the
spontaneous Raman process [27]. Coherent anti-Stokes Raman scattering (CARS),
on the other hand, is a coherent process that probes the Raman vibrational energies
and shows considerable promise as a label-free microscopy technique [28–32]. This
technique, unlike traditional spontaneous Raman spectroscopy, only probes a narrow
2
wavelength region; thus, only single vibrational energies are probed. This, unfortu-
nately, provides limited information, especially in the presence of the so-called non-
resonant background (NRB). To practically apply CARS to flow cytometry requires
the ability to probe multiple Raman transitions simultaneously. Multiplex CARS
(MCARS) and broadband CARS (BCARS) are two CARS techniques that accom-
plish this task by using broadband sources to probe broad bandwidths of the Raman
spectrum. In this dissertation, I present the first implementation and application of
MCARS spectroscopy to flow cytometry, which provides a label-free mechanism for
probing the Raman energy levels within passing samples at high-speed.
1.2 Scope and Organization
In this dissertation, I describe the development and characterization of the first
MCARS flow cytometer. Additionally, several applications of the system are pre-
sented. The purpose of this work is to demonstrate the ability of a flow cytometer
to analyze samples at high-speed without the use of labeling and to characterize the
strengths and limitations of the technique. This dissertation is divided into 7 chap-
ters. Chapter 2 provides the background material on flow cytometry and CARS to
prepare the reader with the concepts and context for the original works presented
in the remaining chapters. Chapter 3 presents the construction of the MCARS flow
cytometer and presents the details of each component system, such as the microflu-
idic system and the elastically-scattered photons measurement module. Chapter 4
presents the characterization of the individual subsystem components and the per-
formance of the entire MCARS flow cytometer system. Chapter 5 presents the ap-
plication of label-free flow cytometry to differentiating polymer beads based on size
and molecular composition, as well as several biological specimens: Saccharomyces
cerevisiae, a yeast often used to model higher eukaryotes (including humans), and
Phaeodactylum tricornutum, a diatom that is important in future bio-energy research
3
for its ability to produce ethanol and biodiesel. Chapter 7 investigates methods of
improving MCARS flow cytometry and future directions of this label-free flow cytom-






Flow cytometry is an invaluable analytical method for the high-throughput analysis
of sample populations. Evolving from the Coulter counter, invented in the 1950’s,
which measured the electrical impedance of passing samples [1, 33], the modern flow
cytometer, as developed by Dittrich and Göhde in the 1960’s, probes passing samples
with one or more laser beams [1, 12]. The elastically scattered photons are mea-
sured to ascertain morphological information, and the fluorescent emission from [typ-
ically] exogenous fluorophores are measured to obtain molecular information about
targeted phenotypes. This system architecture has evolved dramatically over the
last half-century to become a workhorse tool in biology and medicine. In clinical
use for example, flow cytometers are routinely used to diagnose, monitor, and assess
the treatment of a variety of diseases, including the human immunodeficiency virus
(HIV), leukemias, and lymphomas [1–8]. In biology, flow cytometry has been applied
to monitoring toxic algal blooms, analyzing cell cycle and cellular growth, identify-
ing chromosomal content (e.g., to identify X- and Y-chromosome bearing sperm),
monitoring live zebra fish embryos, monitoring microbes in potable water, and for
evaluating food and drug safety and efficacy [1, 9, 10].
2.1.1 Flow Cytometer Operation
Flow cytometers are robust instruments for high-throughput analysis of sample pop-
ulations. Modern flow cytometers are composed of 3 subsystems working in tandem:
fluidics, optics, and electronics. A schematic of a flow cytometer is shown in Figure 1.
The heart of the fluidics system is the flow cell [see Figure 2(a)]. Within the flow cell,
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a sample suspension is fed into and surrounded by a high-speed sheath fluid. The
high-speed sheath hydrodynamically focuses the sample stream into a narrow line
[see Figure 2(b)]. This focusing of the sample stream aims to ensure that only single
samples flow through the optical focal volume. Controlling the relative speed of the
sample and sheath streams controls the final width of the sample stream (thus con-
trolling the lateral deviation of the particles within the stream itself) and the speed







Figure 1: In traditional flow cytometers, a high-velocity sheath stream envelops the
sample stream within the flow cell. This hydrodynamically focuses the sample into
a single-file line that one or more lasers interrogate. A detector, typically a silicon
photodiode, measures the elastically scattered photons in the forward direction (FSC).
The strength of the FSC is indicative of sample size. Another detector measures the
side-scatter (SSC), which reveals the level of internal complexity within the sample.
To measure molecular phenotypes, samples are stained with selective fluorescent labels
that are excited by the excitation laser and fluoresce at different wavelengths. A series
of dichroic filters and band-pass filters (not shown) isolate specific wavelength regions.
The mechanism of analysis in flow cytometers is the optical interrogation of flow-
ing particles. As the focused particle stream passes through the flow cell, one or
more lasers interrogate the stream. Typically, the lasers are focused using cylindrical
6
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Figure 2: (a) Schematic of typical flow cell. (b) Illustration of flow cell operation.
Both images reprinted from [1]. c� John Wiley & Sons, Inc.
lenses as to provide an approximate plane-of-light across the entire sample stream.
As each sample passes through the focal plane, the elastically scattered photons are
recorded in the forward direction (often labeled “forward scatter” [FSC], “small angle
scatter”, or “forward angle light scatter” [FALS]– in this document, the abbreviation
FSC will be used) and in the lateral direction (often labeled “side scatter” [SSC],
“large angle scatter”, or “right angle light scatter” [RALS]– in this document, the
abbreviation SSC will be used). Flow cytometers parameterize sample morphology
based on these two measurements with the FSC providing some indication of sample
size, and SSC revealing information about the internal complexity (or “granularity”)
of the sample. Physically, larger particles scatter a predominant amount of incident
light in the forward direction. Figure 4(a) is the simulated [normalized] elastic scatter
(the S11 components of the Mueller scattering matrix) from a polystyrene bead that
has a diameter 5 times the incident light wavelength immersed in water. For this
large particle, as shown in Figure 4(b), which compares the FSC to SSC, the FSC is
significantly larger than the SSC (the FSC is ∼8000 times larger than the SSC). A
small particle, on the other hand, scatters light more evenly, as shown in Figure 3(a)
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(the S11 components of the Mueller scattering matrix), which shows the simulated
scattering of a polystyrene bead that has a diameter that is 10% of the wavelength in
water. Figure 3(b) shows the relative intensity of the FSC and SSC and reveals that
the FSC is only about twice as large as the SSC. For most eukaryotic cells, the cells are
relatively large compared to the wavelength of interrogation light (typically, cells are
1 - 20 µm and the incident beam wavelength is 400-670 nm); thus, the outer cell struc-
ture does predominantly scatter light in the forward direction. Internal cell structures,
such as lipid vacuoles, mitochondria, and granules, are relatively small and contribute
to both FSC and SSC. To examine these features for a biological sample, Figure 5 is
the scatter plot of SSC versus FSC for a typical lysed blood culture. One can see 3
subpopulations representing lymphocytes, monocytes, and neutrophils (among other
granulocytes) [1, 34]. Although measuring the elastically scattered photons provides
morphological information that can be used to differentiate these 3 subpopulations,
quantifying cell size and internal complexity is extraordinarily challenging as both pa-
rameters are extremely sensitive to cell size, shape, surface roughness, and the index
of refraction of individual sample components [1]. As an example of this difficulty,
a suspension of 9 µm polystyrene (PS) beads and 5 µm poly(methyl methacrylate)
(PMMA) beads were measured in a flow cytometer (LSRII, BD Biosciences, Franklin
Lakes, NJ). Although both beads are solid particles, they demonstrate pronouncedly
different SSC. Additionally, the PMMA beads produce a stronger FSC.
Although FSC and SSC provide a significant amount of sample information, molec-
ularly specific information requires the addition of exogenous fluorophores. These flu-
orophores are typically composed of a molecularly specific label and a fluorochrome;
although, some fluorochromes are reactive or have an intrinsic affinity for particular
molecular constituents or intracellular conditions; thus, adding an additional label is
unnecessary. Nile Red, for example, is hydrophobic; thus, it is used to stain lipids





























Figure 3: (a) Simulated elastic scatter pattern (normalized S11 of the Mueller scat-
ter matrix) of a polystyrene bead with a diameter that is one tenth the incident



























Figure 4: (a) Simulated elastic scatter pattern (normalized S11 of the Mueller scatter
matrix) of a polystyrene bead that has a diameter that is five times larger than the
incident wavelength. (b) Comparison of the of the FSC and SSC relative scatter
strengths.
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Figure 5: Scatter plot of SSC versus SSC for a typical lysed blood sample. Image
obtained from [34]. c� Invitrogen by Life Technologies.



















Figure 6: (a) SSC and FSC intensity of a mixture of polystyrene (red) and PMMA
beads (green) as analyzed in a commercial flow cytometer. The dominant contribution
to the populations are highlighted; thus, the tail of the PMMA population is gated
out. (b) Histogram of the FSC intensities for the PS and PMMA populations.
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used for elastic scatter measurements and additional lasers excite the fluorophores
and the resulting fluorescence is collected. The fluorescent emission passes through
a series of dichroic filters to isolate different spectral bandwidths, each of which is
measured by a detector (typically, a photomultiplier tube [PMT]). Laser sources, flu-
orophores, and filters must be selected to ensure that each fluorophore is excited and
to ensure that the fluorescent emission from each fluorophore is uniquely measurable
by one of the PMTs. Example excitation and emission profiles of three commonly






Figure 7: Fluorescent emission (em) and excitation (ex) profiles for 3 common flu-
orophores: DAPI (blue), Alexa Fluor 488 (green), and Mitotracker (red). Image
produced at [35]
The combination of scatter measurement and fluorescent labels has promoted flow
cytometers from laboratory curiosity to workhorse tools found across the world in
academic, industrial, and clinical settings. Figure 8 shows a list of example parameters
and phenotypes that flow cytometers are capable of measuring [1]. Table 1 provides
a concise list of technical specifications for 3 commercially available flow cytometers:
BD Biosciences LSRII, Accuri C6, and the Union Biometrica COPAS. The BD LSRII
is a research-grade flow cytometer capable of up to 10 measurable colors and is the
flow cytometer used for sample analysis in this work. The Accuri C6 is a light-
weight and compact flow cytometer that represents the state-of-the-art in compact
11
flow cytometers. Finally, the Union Biometrica COPAS is a flow cytometer specifically
designed for the analysis of samples too large for traditional flow cytometers.
Table 1: Specifications of several commercially available flow cytometers.
Parameter BD LSR II Accuri C6 Union Biometrica CO-
PAS
Installed Lasers 4 2 2
Wavelengths
Choices(nm)
488, 405, 625, 355 488, 640 670, 635, 405, 488,
561, 325, 375
Color Channels 10 4 3




Flow Cell Core Inner
Diameter or Size (µm)
430 x 180 200 250-2000
Sample Volume (µL) 100’s 50 40000
Focal Volume (µm) 15 x 75 10 x 75 1000 x 1000
2.1.2 Challenges and Current Direction in Flow Cytometry
Flow cytometer technology has greatly expanded over the last half century and is
an active area of research. Over the last decade, a large portion of research has
focused on increasing the number of simultaneously measurable fluorophores. As the
amount of information scales geometrically with the number of color channels, these
polychromatic flow cytometers allow diagnoses and analyses not possible with older
systems with fewer colors [11]. Fluorescent labels, although a powerful tool, suffer
from a number of challenges and limitations:
1. broad emission spectra [1, 11, 14]
2. nonspecific binding [1, 11]
3. photobleaching [16]
4. available conjugation chemistries [11]
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Figure 8: List of measurable parameters and corresponding methods (e.g., labels) in
flow cytometry. Reprinted from [1]. c� John Wiley & Sons, Inc.
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5. cytotoxicity [1, 16]
6. perturbation of local chemistries and thermodynamics [36]
7. time-consumption of the labeling process [15].
Arguable the largest challenge facing organic fluorophores is the broad emission spec-
trum and the resulting spectral overlap between neighboring color channels. To com-
bat this spectral bleeding, researchers have actively investigated compensation meth-
ods [1,11,14]. These mathematical models, implemented in hardware or software, aim
to mitigate the effects of spectral overlap. Although these methods may be effective,
they bring along their own challenges, limitations, and errors that may skew experi-
mental results [11,14]. To move away from filter sets and single-channel detectors all
together, researchers developed a flow cytometer that uses a detector array spectrom-
eter to capture the full fluorescence spectrum [37]. This instrument demonstrated
the ability to detect multiple fluorophores with a good degree of accuracy but at the
expense of speed [37].
To circumvent the challenges of using traditional organic fluorophores, various
optical methods and labeling technologies have arisen for molecularly-sensitive de-
tection in flow cytometry and microscopy. One such labeling technology is quantum
dots (QDs). QDs are inorganic nanoparticles that are excitable with a broader range
of wavelengths and emit within a narrower spectral band than traditional organic
fluorophores [1, 17]. Although QDs are easier to excite and multiplex, they too have
numerous difficulties with cytotoxicity and surface chemistry [16, 17]. To move away
from fluorescent dyes all together, a number of research groups have investigated Ra-
man scattering methods to probe the intrinsic Raman vibrational energy levels within
a passing sample. These vibrational energy levels provide rich information about the
molecular content, thermodynamics, and molecular dynamics of a sample and provide
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a mechanism to differentiate samples in a manner that requires no sample prepara-
tion. Lau et al., for example, demonstrated a microfluidic cell sorter that successfully
separated cells from two leukemia cell lines based on their Raman spectra [27]. Al-
though a powerful tool, in principle, this cell sorter required 120 seconds to acquire
the Raman spectrum from each passing cell due to the small spontaneous Raman
scattering cross-section; thus, making its use for high-throughput analysis unlikely.
Wang et al. applied coherent anti-Stokes Raman scattering (CARS) microscopy to
monitor passing samples in a microfluidic flow cell and measured up to 100 particles
per second [38]. This instrument, however, only probed individual Raman vibrations.
Additionally, the problematic nonresonant background (NRB) produced a signal in
almost all samples, regardless of whether there existed the Raman vibrational band
of interest.
2.2 Coherent Anti-Stokes Raman Scattering
Traditional microscopy techniques, such as bright field, dark field, and differential
interference contrast (DIC), observe morphological differences within samples based
on their spatial distribution of scattering and absorbing elements. To resolve molec-
ular differences, however, requires imaging samples containing endogenous or exoge-
nous fluorophores. Although fluorescent labels are a powerful and proven technology,
extrinsic labels suffer from numerous limitations and challenges, such as cytotoxi-
city, photobleaching, and nonspecific binding [1, 11, 14]. Additionally, these labels
may affect local thermodynamics and chemistries; thus, perturbing experimental out-
comes [36]. To circumvent these potential limitations, researchers have developed
several microscopy and spectroscopy techniques that probe the intrinsic vibrational
energy levels within a molecule. Most notably, infrared microscopy and Raman mi-
crospectroscopy (microRaman) have been largely developed, applied to biological
samples, and are readily available from commercial vendors [39–44]. Both of these
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techniques, however, suffer from several limitations. Infrared microscopy, for exam-
ple, presents poor spatial resolution due to the infrared sources and high absorption of
water [43]. MicroRaman, on the other hand, has high spatial resolution but requires
long integration times due to the weak nature of spontaneous Raman and excites sam-
ple fluorescence that can completely obscure the Raman spectrum. More recently,
researchers (and some commercial vendors) have developed microscopy techniques
based on coherent Raman scattering. Techniques such as CARS microscopy [28] and
stimulated Raman scattering (SRS) microscopy [45] probe the Raman vibrational
energy levels within a molecule, but unlike traditional implementations, these meth-
ods coherently excite the sample; thus, generating photons with orders of magnitude
higher efficiencies under many biological conditions [32, 46].
Maker and Terhune at the Ford Motor Company [47] first described the CARS
process; although, it was not named “CARS” until nearly a decade later [48]. In
1982, Duncan et al. were the first to apply CARS to scanning microscopy [49], but it
wasn’t until 1999 when Zumbusch et al. developed a CARS microscope that was fast,
sensitive, and relatively simple to integrate with scanning laser systems [28]. Their
use of near-infrared (NIR) sources dramatically reduced the NRB and the collinear
beam geometry greatly simplified the optical system.
2.2.1 Theoretical Background
CARS is a third-order nonlinear optical process in which a pump and a Stokes photon
coherently excite a molecule into a higher Raman vibrational energy level, and a
probe photon inelastically scatters off of the excited molecule [see the energy diagram
in Figure 9(a)]. Mathematically, CARS is described by the nonlinear wave equation
derived from Maxwell’s Equations for a currentless and chargeless medium:
























Figure 9: Energy diagram of (a) CARS and (b) the NRB. In (a), a pump and Stokes
photon excite the molecule into a higher vibrational energy, and a probe photon
inelastically scatters off of the excited mode. In (b), a four-wave mixing (FWM)
process produces photons regardless of the existence of vibrational energy levels.
where �E(t, z) is the electric field, n(ω) is the index of refraction at frequency ω, �0 is
the permittivity of free-space, and �PNL(t, z) is the nonlinear polarization [21,22,50]. A
Green’s Function can solve this equation for arbitrary nonlinear polarizations [31], but
a simple one-dimensional (1D) scalar approximation provides an analytical solution
that provides key insights. In the 1D scalar approximation, the electric fields and the
nonlinear polarization assume the form:
�E(t, z) = A(z)
2
e−jkz+jωt + c.c. (2)
�PNL(t, z) = P
NL(z)
2
ejωast + c.c., (3)
where A(z) is the field envelope, PNL(z) is the third-order nonlinear polarization
envelope, ω is the optical frequency, k is the z-component of the electric field wave
vector, and c.c. denotes the complex conjugate. Specific to the CARS generation
process, the electric field in this equation is for the anti-Stokes field and the nonlinear
polarization contains the influence of the pump, Stokes, and probe fields. Assuming
the slowly varying envelope approximation (SVEA) and applying these assumptions









where Aas(z) is the anti-Stokes field envelope and kas is the z-component of the
anti-Stokes wave vector (kas = nωas/c). Additionally, the nonlinear polarization and




















Ωk − (ωp1 − ωs)− iΓk
, (6)
where Ap1(z), As(z), and Ap2(z) are the pump, Stokes, and probe field envelopes, re-
spectively, with associated wave vector z-components kp1, ks, and kp2 and frequencies
ωp1, ωs, and ωp2. χ
(3) is the third-order nonlinear optical susceptibility [22,29,50,51].
χ(3) expands into two components: a nonresonant component χ
(3)
NR that describes the
NRB and a resonant contribution χ
(3)
R that describes the coherent Raman scattering
processes. The nonresonant component is assumed to be constant and real, and it
describes a four-wave mixing (FWM) process that mimics the CARS process [see
Figure 9(b)] [50,51]. A summation of Lorentzian response functions with the kth Ra-
man vibrational contribution described by an amplitude Ak, located at a frequency
(energy) Ωk, and with a half-width Γk models the resonant contribution. Inserting













where Δk is the phase matching condition (Δk = kp1 − ks + kp2 − kas). In most
practical CARS applications, the Stokes and pump sources are much more intense
than the anti-Stokes signal, there is negligible source depletion, and the anti-Stokes
signal develops completely within the medium. With these assumptions and through
































where Ip1, Is, and Ip2 are the pump, Stokes, and probe field intensities, respectively.
Importantly, Eq. (10) expresses that the CARS intensity increases linearly with the
pump, Stokes, and probe field intensities. In most CARS microscopy systems, the
pump and probe fields are degenerate; thus, the CARS intensity increases quadrat-
ically with pump intensity and increases linearly with the Stokes intensity. Ad-
ditionally, the wavevector mismatch, Δk, when expanded into three-dimensions, is
Δ�k = −�kas + 2�kp − �ks (see Figure 10). As evident from this relationship between
the wave vectors, the incident fields spatial orientations need to be controlled to min-
imize the wave vector mismatch. Although a collinear beam geometry appears to
violate the phase matching condition described in Figure 10, tight focusing relaxes




Figure 10: The phase matching condition of the CARS generation process.
Since the reawakening of CARS microscopy research in 1999, the number of journal
publications on CARS microscopy has grown from 1 in 1999 to over 350 by 2010 (as
analyzed by ISI Web of Science). The areas of research encompass new biological
applications and methods for improving molecular sensitivity and specificity. The
largest technical challenge for CARS microscopy is the existence of the NRB that is
generated by a FWM process [see Figure 9(b)]. Unlike the CARS optical process,
which requires the existence of vibrational states at particular energy levels, the NRB
can exist regardless of the vibration energy levels, and its intensity can be equal to
19
or greater than that of the resonant CARS signal. Additionally, the NRB coherently
interferes with the resonant CARS signal [as described by the cross terms arising from
the square modulus of the χ(3) in Eq. (10)]; thus, distorting the CARS spectrum from
the actual Raman vibrational energy levels. To simulate this effect and to incorporate
the pulsed nature of the pump, Stokes, and probe sources, the nonlinear polarization

















δ(ωas − ωp1 − ωp2 + ωs)dωp1dωsdωp2, (11)
where ωas, ωp1, ωs, and ωp2 are the anti-Stokes, pump, Stokes, and probe frequen-
cies, respectively, Ep1, Es, Ep2 are the electric fields of the pump, Stokes, and probe
sources in the frequency domain, respectively, and the δ-function ensures conserva-
tion of energy (N.B.: this formalism is not derived from the aforementioned scalar
approximation, but rather is a new formalism often used for simulating the spec-
tral characteristics of CARS [30, 53]). Furthermore, as is the case in most CARS














where Ep(ωp) is the frequency domain representation of the pump/probe field. Fig-
ure 11 shows the simulated CARS spectrum generated by a 1 picosecond pump and a
supercontinuum Stokes source (a common Stokes source in CARS spectroscopy), ap-
proximated by a spectral constant, stimulating a single Raman vibration at 2900 cm−1
(A = 1, Γ = 3.3 × 1011 [1.7507 cm−1], Ω = 5.4664 × 1014 rad/sec, χ
(3)
NR = 0.5AΓ),
which falls within the energy range of CH-stretch vibrations [51, 54]. It should be
noted that approximating the supercontinuum by a spectral constant is a common,
albeit rough approximation of the Stoke source, as this approximates a Stokes source
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that is a single, short pulse; although, actual supercontinua may be composed of
several pulses (the actual performance is greatly dependent on numerous parameters
such as seed source pulse and spectral characteristics and the fiber itself). Spectral
distortions in both peak location and shape are apparent when the NRB is included
in the simulation.































Figure 11: Simulated CARS/MCARS spectrum of a molecule with a single Raman
vibrational energy at ∼2900 cm−1 (black, stars) with (blue) and without (red) the
effect of the NRB. In CARS microscopy and spectroscopy, which are narrowband
techniques, the source wavelengths are tuned so that the energy difference between
the pump and Stokes corresponds to an anti-Stokes energy of interest. The resultant
CARS intensity is recorded at each wavelength (i.e., energy) difference (see the single-
shot CARS bandwidth), and the wavelength is scanned across the entire spectrum.
MCARS spectroscopy, which probes multiple wavelengths simultaneously, records the
entire spectrum at once using a spectrometer.
2.2.2 Spectral Distortions in CARS
Although CARS (and related coherent techniques) are a powerful mechanism of prob-
ing the intrinsic Raman vibrational energy levels within a molecule, the acquired
21
spectra are not simply enhanced Raman spectra as would be acquired with tradi-
tional Raman spectrometers. The spontaneous Raman spectrum is related to the






(ω − Ωk)2 + Γ2k
, (13)
where Ak, Γk, and Ωk are the amplitude, half-width, and energy of the k
th Raman
vibration and ω is the independent variable of energy (frequency) (N.B., � is the
imaginary component operator) [55]. From this form, one can see that multiple
Raman peaks incoherently add together. Additionally, there may exist a background
fluorescence excited by the excitation source, which also incoherently adds to the
Raman signal. CARS techniques on the other hand produce a spectrum proportional









































NR is the third-order nonlinear susceptibility of the nonresonant contribution
to the CARS signal, which is assumed to be real and approximately constant over
a large spectral range; and χ
(3)
i,j is the third-order nonlinear susceptibility of the i
th
(or jth) component of the resonant contribution to the CARS signal (which can be
described further by the form in Eq. 6). In this form, one can see that the Raman
peaks coherently add together as well as with the NRB. Additionally, the pulsed
excitation sources contribute to the shape of the CARS spectrum as described in
Eq. 12; thus, the CARS spectrum is distorted in several ways from the spontaneous
Raman spectrum (additionally, coupling and interference between various states can
induce further distortion [56]). Figure 12 shows simulated CARS spectra of a single




NR = 0.5AΓ) for various pump pulse widths (the peak power of each
simulated source remains constant). One can see that the shortest pulses produce the
strongest CARS signal, but the peak is the most distorted from the Raman lineshape
and the contrast between the NRB and the resonant signal is the least. The longest
pulses, on the other hand, produce the narrowest CARS spectrum with the least
spectral distortion, but with the weakest aggregate signal strength. Figure 13 shows
the spectral offset for the simulated peak as a function of pump pulse length under
different NRB-to-resonant signal ratios (χ
(3)
NR/AΓ) (see [52] for a similar simulated
study). Additionally, the bandwidth of the pump source (multiplied by -1) is shown
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Figure 12: Simulated CARS intensity versus wavenumber offset for a simulated single
Raman vibration at 2900 cm−1 using excitation pulses of different pump bandwidths
(assuming supercontinuum Stokes source) versus a normalized Raman lineshape. The
χ
(3)
R was modeled with A = 1, Ω = 5.4664× 10
14 rad/sec (2900 cm−1), Γ = 3.3× 1011
rad/sec (1.7507 cm−1).






























Figure 13: Simulated CARS peak wavenumber offset versus excitation pump pulse
length (assuming supercontinuum Stokes source) for a simulated single Raman vibra-
tion at 2900 cm−1 with varying degrees of NRB strength (i.e., NRB to Raman ratio).
For comparison purposes, the bandwidth of the pump pulse for a transform-limited
Gaussian pulse versus pulse length is shown (black). The χ
(3)
R was modeled with A =
1, Ω = 5.4664× 1014 rad/sec (2900 cm−1), Γ = 3.3× 1011 rad/sec (1.7507 cm−1).
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isolated Raman bands at 2860 and 2900 cm−1 (A1 = A2 = 1, Ω1 = 5.4664 × 10
14
rad/sec [2900 cm−1], Ω2 = 5.3910× 10
14 rad/sec [2860 cm−1], Γ1 = Γ2 = 3.3 × 10
11
rad/sec [1.7507 cm−1], χ
(3)
NR = 0.5A1,2Γ1,2). Similar to Figure 11, one can see spectral
distortion due to the NRB, but looking at the spectrum in which the NRB is neglected,
the effect of interband (i.e., Raman lineshape) interference becomes clear: both peak
maxima are distorted from the actual Raman energies (asymmetrically).































Figure 14: Simulated CARS/MCARS spectrum of a molecule with two Raman
bands: one at 2900 cm−1 and another at 2860 cm−1 (black, stars) with (blue) and
without (red) the effect of the NRB. The χ
(3)
R was modeled with A1 = A2 = 1,
Ω1 = 5.4664 × 10
14 rad/sec (2900 cm−1), Ω2 = 5.3910 × 10
14 rad/sec (2860 cm−1),
Γ1 = Γ2 = 3.3× 10
11 rad/sec (1.7507 cm−1).
2.2.3 CARS Techniques
CARS is a powerful platform for the high-speed, label-free analysis of sample molecules.
Over the last several decades, researchers have developed numerous methods for im-
proving the CARS platform. Some of these techniques, such as epi-CARS (ECARS)
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[30], polarization CARS (P-CARS) [57], and interferometric CARS (iCARS) [58],
were born out of the desire to suppress the NRB in order to more clearly and
selectively excite target molecular energies. Techniques such as multiplex CARS
(MCARS) [51, 59] and broadband CARS (BCARS) [60] were designed to extend
CARS microscopy into a microspectroscopic imaging modality that could probe a
broad range of Raman energy levels simultaneously. Additionally, post-processing
techniques have developed over the last several years that try to derive the equiv-
alent spontaneous Raman spectrum from the CARS (or MCARS) spectrum; thus,
removing the NRB and the associated interference effects.
2.2.3.1 Epi-CARS (ECARS)
Over the last decade, several CARS system architectures have arisen to improve
the quality and sensitivity of the CARS signal. The first enhanced CARS architec-
ture was epi-CARS (ECARS) [30, 61, 62]. In the original implementation of CARS
microscopy (specifically, called forward-CARS [FCARS]; although, the designation
is usually omitted in current publications), the anti-Stokes photons were collected
in the forward direction relative to the excitation sources. ECARS, on the other,
records the anti-Stokes photons in the backward direction through the same optics
used for excitation. Under this system layout, the CARS signal recorded from the
background solvent (typically, water) is greatly reduced as most of its anti-Stokes
photons propagate in the forward direction. Figure 15 compares the image taken of
an NIH 3T3 cell using FCARS and ECARS. One can see significantly higher con-
trast with the ECARS system geometry. In ECARS, the dominant CARS signal is
recorded from small scatterers and from forward-propagating photons that are later
scattered backwards (which may arise from reflection from a microscope coverslip, for
example, or due to multiple scattering events within a turbid medium) [52]. Although
the NRB from the solvent is greatly reduced in ECARS, the resonant CARS signal
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is also reduced and the NRB from the Raman scatterer still exists, which maintains
the spectral distortions in the recorded spectrum [30].
Figure 15: Comparison of the (A) F-CARS and (B) E-CARS images of a NIH 3T3
cell in metaphase and the intensity profiles along a single image row (location denoted
by the white line). The sources were tuned to probe the CH stretching vibrational
frequency at 2873 cm−1. Reprinted from [62]. c� the Biophysical Society.
2.2.3.2 Polarization CARS (P-CARS)
Another early CARS system design was polarization CARS (P-CARS) [57, 63]. In
most CARS system (even today), the polarization of the pump and Stokes beams
are in parallel, and the anti-Stokes photons are measured with the same polarization.
In P-CARS, however, the pump and Stokes beams are linearly polarized at different
angles, and a polarizer restricts the polarization of the measured anti-Stokes photons.















s sin φ, (16)
(17)
respectively, where the pump, Ep is polarized along the x-axis, and the Stokes beam,
Es is polarized at an angle φ with respect to the x-axis. Assuming χ
NR is real, the
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Although the nonresonant component is linearly polarized along a particular axis,
the resonant component is elliptically polarized due to the complex nature of χR.
Under these conditions, a polarizer can be placed along the direction perpendicular
to the nonresonant polarization, and a background free CARS signal can be recorded
[30, 61]. Practically, however, there is a residual background due to birefringence in
the system optical train and due the polarization mixing caused by the heavy focusing
of the excitation objective lens. And although the contrast between the resonant and
nonresonant components of the CARS signal may be greatly enhanced, the strength
of the overall CARS signal may be greatly diminished [32]; thus, requiring stronger
sources or longer integration times to maintain the same SNR. Figure 16 shows the
comparison of CARS and PCARS imaging of polystyrene beads spin-coated onto a
glass coverslip and covered with water. One can see that the PCARS images provide a
large reduction in the NRB of the aqueous background, but the overall signal strength
is noticeably reduced.
2.2.3.3 Multiplex CARS (MCARS)
The traditional implementation of CARS microscopy uses narrowband pump/probe
and Stokes sources (typically, picosecond pulse durations) that only excite a narrow
range of energies (see Figure 11, which points out the single-shot CARS bandwidth).
Although this system architecture is very fast for energy level selective imaging, this
technique is very slow for multispectral imaging as tuning the pump and Stokes
source over a broad wavelength range is time consuming (most CARS system use
a heat-tuned optical parametric oscillator [OPO] to provide one or both excitation
sources). An alternative to sweeping the wavelength of the excitation sources is the
multiplex CARS (MCARS) technique that uses a combination of broadband sources
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Figure 16: (a) Comparison of CARS, P-CARS (multiplied by a factor of 30), and
Raman spectra of polystyrene taken from a 1 µm bead. CARS image of a 1 µm
bead with the sources tuned to probe the 1601 cm−1 band and the CARS intensity
shown for a single row of the image (location denoted by arrows). (c) P-CARS image
and line profile of the same beads with the sources tuned to probe the 1601 cm−1
band. (d) and (e) P-CARS image and line profile of the same beads with the sources
tuned to probe the 1582 cm−1 and 1553 cm−1 energy levels, respectively. Reprinted
from [57]. c� Optical Society of America.
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to excite numerous Raman transitions simultaneously [see Figure 17(a) for the energy
diagram for MCARS] [51,59,64–66]. Additionally, the MCARS system design utilizes
a multielement detector, such as a charge-coupled device (CCD) spectrometer to
capture full spectra, such as in Figure 11, in a single shot. Figure 18 shows a schematic
of a typical MCARS system. Using a similar system, Kano was able to collect the












Figure 17: Energy diagram of (a) MCARS and (b) the NRB. In (a), multiple pump
and Stokes photons excite the molecule into multiple higher vibrational energies, and
probe photons inelastically scatter off of the excited modes. In (b), a FWM process
























Figure 18: Schematic of a typical MCARS system that utilizes a single femtosecond
laser to act as both the pump for the CARS generation process and as a seed source
for a length of photonic crystal fiber (PCF) that will generate a supercontinuum for
use as a broadband Stokes source. The generated anti-Stokes photons are collected
in the forward direction and recorded by a CCD spectrometer.
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Figure 19: (a) MCARS image of HeLa cells with the pixels depicting the intensity at
2870 cm−1 (although a full spectrum is collected at each pixel). (b) MCARS spectra
for the points A-D in (a). Reprinted from [67]. c� John Wiley & Sons, Ltd..
Although MCARS provides a mechanism for microspectroscopic imaging, there
are several technical challenges and limitations of the technique. First and foremost
is the continued existence of the NRB. Just as with traditional CARS techniques,
the excitation sources generate an NRB that coherently interferes with the anti-
Stokes photons; thus, distorting and/or masking the resonant peaks. Additionally,
the use of femtosecond sources in MCARS (as opposed to picosecond source in CARS
microscopy) exacerbates these distortions and generates a significantly stronger NRB
(as described in Section 2.2.2). Additionally, the use of a CCD spectrometer to record
the anti-Stokes signal limits the acquisition speeds due to the speed of the charge
transfer and analog-to-digital (A/D) circuitry within the CCD camera. Most CCD
cameras operate at up to 100 - 200 spectra per second; although, manufacturers are
beginning to produce faster cameras capable of several thousand spectra per second
(with caveats). Additionally, many implementations of MCARS use a photonic crystal
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fiber to generate a supercontinuum Stokes source. Although inexpensive and capable
of producing a strong average power over a huge bandwidth, the energy density can be
very low relative to CARS systems; thus, longer integration times may be necessary.
2.2.3.4 Interferometric CARS Techniques
Many CARS techniques attempt to reduce the generation of the NRB (e.g., time-
resolved CARS [TCARS] [68]) or minimize its detection (e.g., PCARS [57]). Although
these techniques work well, they sacrifice resonant signal strength for nonresonant
signal suppression. Another method of removing the NRB is through interferometric
mixing of the CARS signal with a local oscillator (LO). Some of the first approaches
to this technique, called interferometric CARS (iCARS) or heterodyne CARS, were
implemented by creating a double-CARS configuration in which two samples were
probed simultaneously (in two independent, but identical arms) and the resulting
CARS signals were combined with a beam splitter; thus, coherently mixing the two
signals with the relative phase delay controlled by adjusting the length of one of the
sample arms [69,70]. In this configuration, the local oscillator arm sample is selected
by virtue of having no resonant peaks within the spectral window of interest (e.g.,
a glass coverslip [69] or deuterated-DMSO [70]). Mathematically, the iCARS output
intensity, IiCARS is described as:













where ELO is the LO electric field, EAS is the anti-Stokes electric field, EP is the





NR are the nonlinear susceptibilities of the CARS process and
for the NRB, respectively, and Φ is the phase differences between the CARS field
and the LO [69]. By tuning the phase difference between the LO and the CARS
field, the entire contribution of the NRB is removed and the CARS signal, which
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is proportional to E2PESχ
(3)
R , is amplified. By selecting the appropriate phase delay
between the LO and the CARS signal of interest, this method allows for complete
separation of the resonant (Raman) and the nonresonant contributions to the spectra
while amplifying the resonant signal [69, 70]. This technique has been applied to
both spectroscopy (see Figure 20) and microscopy (see Figure 21). Although these
Figure 20: Normalized CARS spectral amplitude and phase of the CH-stretch vi-
brational band of dodecane. (a) Derived CARS amplitude (solid curve) and phase
(dotted curve) from the interference spectrum. (b) The reconstructed real (dotted
curve) and imaginary (solid curve) parts of the CARS spectrum. Inset, spontaneous
Raman spectrum of dodecane. Reprinted from [69]. c� Optical Society of America.
techniques demonstrate the ability to perform iCARS, they do so under a limited
operational bandwidth. To apply the strengths of iCARS to a broader range of
wavelengths, Kee, et al. developed an interferometric scheme built upon an MCARS
system [71]. In this system, the LO was generated by producing a CARS signal in
the sample with a 100 fs pulse, and the “CARS” signal was generated by using 750
fs pulse. As described in Section 2.2.2, shorter pulses generate a stronger NRB; thus,
the 100 fs pulse-generated spectrum contained a significantly stronger NRB to act as
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Figure 21: Comparison of heterodyne CARS with noninterferometric CARS imaging
of live NIH 3T3 cells. (a) CARS image tuned to 2845 cm1 and the extracted imaginary
(b) and real (c) parts of the CARS signal using iCARS detection. (d) CARS image
tuned to 2950 cm1 and the extracted imaginary (e) and real (f) parts of CARS
signal using iCARS detection. (g) CARS image tuned to 2086 cm1 and the extracted
imaginary (h) and real (i) parts of CARS signal using iCARS detection. Reprinted
from [70]. c� Optical Society of America.
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the LO for interferometric detection. Although the LO still contained a noticeable
resonant CARS contribution, the authors were capable of reasonably isolating the
real and imaginary contributions to the MCARS spectrum [71].
Although the aforementioned systems were capable of demonstrating interfero-
metric detection of anti-Stokes photons, these systems relied on samples to generate
a strong LO, which may not always be possible without damaging optical intensities.
An alternative approach pursued by a number of researchers relied on generating
a coherent LO from the laser source(s) themselves. One method passes the pump
and Stokes sources (7 ps pulse lengths) through a PCF prior to coupling into the
microscope [72]. Within the PCF, FWM converted a small amount of the pump
and Stokes sources into a LO at the same wavelength that the sample to be probed
would generate through the CARS process. Another researcher, more simply, used
an optical parametric amplifier (OPA) to generate the Stokes source as well as a
blue-shifted source that acted as the LO [58]. With the creation of even shorter pulse
sources (< 100 fs) that generate broad spectra, some researchers have used a single
source and spectrally chopped the source into pump, Stokes, and LO signals [73–76];
although, even with these sources, only a few hundred wavenumbers can be probed
simultaneously.
To pursue the possibility of truly broadband interferometric MCARS capable of
probing several thousand wavenumbers, I developed the first interferometric MCARS
(iMCARS) system [77]. The iMCARS system relies on a single PCF to generate
both the Stokes and LO sources [77]. The iMCARS system has the same spectral
coverage of wavelength-scanning systems without the added cost and complexity of
multiple sources. In comparison to other single-source interferometric CARS systems,
iMCARS operates over a larger bandwidth than that afforded by a spectrally divided
ultrafast pulse, and iMCARS externally produces the LO; thus, LO production is
not a function of the incident light on the sample. Although the iMCARS system
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has certain advantages in direct comparison with other interferometric systems, this
system also has its own difficulties. As with any system involving PCFs, spectral and
intensity fluctuations of the output supercontinuum arise from intensity fluctuations
of the seed source. These fluctuations alter pulse lengths, chirp, and spectral coverage;
thus, particular care needs to be taken in stabilizing the ultrafast source.
The iMCARS system (shown schematically in Figure 22) uses an angled long-
pass filter that spectrally separates the wavelengths above and below 800 nm from
the supercontinuum Stokes source. The shorter wavelengths that act as the LO
propagate into a delay line that allows control over the temporal overlap between the
LO and the pump and Stokes sources (collectively). For initial testing, a compact
horizontal microscope was constructed that focuses the pump, Stokes, and LO onto
a small cuvette with an achromatic doublet. A 100x long-working distance objective
(Mitutoyo, M Plan NIR 100, NA of 0.55) collects the excitation sources, LO, and
anti-Stokes photons. From this objective, the beams pass through three short-pass
filters as to only pass the collinear CARS and LO signals, and then they are coupled
into the CCD spectrometer via a multimode fiber. The lower spectral detection limit
of this system is restricted by the filter set to approximately 1400 cm−1, and the
upper limit theoretically extends beyond 4000 cm−1.
In the ideal iMCARS system, the LO coherently interferes with the anti-Stokes
photons, amplifies the MCARS spectrum, and appropriate filtering in post-processing
removes the contributions from the LO. Unfortunately, it proved difficult in experi-
ments to entirely remove the LO from the output spectrum as the interference fringes
were very small due to weak coherency between the LO and anti-Stokes photons.
Additionally, instability of the PCF source created amplitude and phase instability
in the output spectrum. Additionally, chirp in the pump, Stokes, and LO reduced
the coherence bandwidth. To compensate for the instability and chirp, the LO was
temporally swept and several spectra were collected. Mathematically, this process is
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Figure 22: The iMCARS system uses a femtosecond source to seed the PCF for
Stokes and LO generation as well as to provide the pump for the CARS process.
Two delay lines provide independent temporal control of the pump and LO. BS,
beamsplitter; PCF, photonic crystal fiber; LP, long-pass filter; MLS, motorized linear
stage; G, optical glass flat; BP, band-pass filter; AD, achromatic doublet; 3SP, 3
short-pass filters; OBJ, objective lens; Spec, CCD spectrometer. From [68].
37
described as:










where IiMCARS is the interference spectral intensity at wavelength λ collected with
the LO absolutely temporally displaced by an equivalent length d from the CARS
pulse. Additionally, A(λ) is the CARS field spectrum, L(λ) is the LO field spectrum,
and φ(λ) is the intrinsic phase difference between the CARS and LO fields. Assuming
the LO is much stronger than the CARS signal, and the LO and CARS pulses are
displaced by much greater than the wavelength, the DC terms and LO contribution
to the cross-terms can be isolated via low-pass filtering. Collecting several spectra
at different temporal displacements between the CARS and the LO pulses, removing





































In Eq. (21), N is the number of spectra collected. The absolute temporal delay
expressed in equivalent length, d, from Eq. 20 is separated into two terms: d0, an
unknown initial displacement, and di, the offset of the LO delay line (as retrieved from
the linear stage encoder) for the ith collected spectrum. Additionally, appropriate
low-pass filtering (in the Fourier domain) removes the remnant oscillations of the
uninterfered MCARS spectrum.
To demonstrate the capability of the system to interferometrically detect multiple
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Raman transitions through the C-H stretch region (2800 - 3000 cm−1) simultaneously,
a sample of liquid methanol was examined. The delay line swept the LO [see Fig-
ure 23(a)] over a delay of 4 fs (35 steps) while the spectrometer recorded interference
spectra. Post-processing removed the contribution from the LO [see Figure 23(b)].
As shown in Figure 24, the reconstructed locations of the symmetric (2821 cm−1) and
anti-symmetric (2940 cm−1) methyl-stretch bands closely coincide with those found in
the MCARS spectrum taken with the same integration time averaged over 35 spectra.
Although the iMCARS system demonstrates a modicum of success with effectively

































Figure 23: From each collected iMCARS spectrum, low-pass filtering isolates the LO
(a). The CARS spectrum is reconstructed from the remaining interference spectrum
(b). From [68].
amplifying the CARS signal and removing the NRB, because it requires temporal
scanning to reconstruct the MCARS spectrum, it could not realistically be used for
high-speed microscopy and flow cytometry.
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Figure 24: The CARS spectrum (dashed, red) and reconstructed iMCARS spectrum
(solid, blue) of methanol normalized to peak intensity. The iMCARS reconstruction
closely resembles the CARS spectrum with respect to peak locations and relative
intensities with the additional benefit of reduced NRB. From [68].
2.2.3.5 Post Processing Techniques
As described in Eq. (14), the removal of the NRB is not simply a matter of subtraction
or division of a nonresonant spectrum. As discussed in the previous subsection, there
are physical mechanisms of removing or mitigating the effects of the NRB, but these
techniques may be technically challenging, involve costly and complex systems, and
they often reduce the strength of the resonant CARS system. An alternative method
of removing the NRB is through numerical post-processing methods. As a numeri-
cal method, these techniques require no alterations to the optical hardware and are
relatively easy to implement (although development, implementation, and processing
times may be large). The numerical Raman reconstruction algorithms aim to retrieve
the imaginary part of the CARS spectrum as to reconstruct the spontaneous Raman
spectrum. In performing this action, these techniques not only diminish or remove
the nonresonant contribution to the CARS signal, but also provide a spectrum that is
linearly dependent on scatterer concentration (as in the case of Raman spectroscopy)
as opposed to the quadratic dependence of CARS. The linear scatterer concentra-
tion dependence facilitates the quantitative analysis of samples with the speed and
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power of CARS (MCARS) microspectroscopy. The two most popular and prevalent
numerical techniques are the maximum entropy method (MEM) reconstruction tech-
nique developed by Vartiainen, et al. [78–81], and the Kramers-Kronig reconstruction
technique developed by Liu, et al. [82].






























NR is the NRB that is real and frequency independent, χ
(3)
R (ωas) is the res-
onant contribution to the CARS signal, χ
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NR,ref is a normalization term, and ν is a





where ωmin and ωmax are the minimum and maximum limits of the CARS (MCARS)
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where the coefficients, Cm, are solved by the Fourier transform of the CARS lineshape

















where θ(ν) is the phase (to be estimated) of the CARS spectrum, and ψ(ν) is the
so-called maximum entropy phase that is treated as a background phase (i.e., fitting
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Figure 25 demonstrates the MEM Raman reconstruction of a sample of 1,2-dimyristoyl-
sn-glycero-3-phosphocholine (DMPC) small, unilamellar vesicles (SUVs) [80].
Figure 25: Measured MCARS spectra of a 75 mM DMPC vesicle suspension at 15.8o
C (a) and 30o C. (c) and (d) are the corresponding reconstructed Raman spectra
(solid lines) and the measured Raman spectra (dots) of (a) and (b), respectively.
Reprinted from [80]. c� Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
An alternative approach to Raman reconstruction is through a modified Kramers-
Kronig (KK) transform [82]. Unlike most applications of the KK relation to nonlinear
spectroscopic modalities (such as CARS/MCARS), the modified KK relation relaxes
the condition that the impulse response of the system rises like a step-function at
t = 0. The relaxation is justified by the fact that in CARS the triggering pulse
(i.e., the probe pulse) has a defined bandwidth, the resonant response is complex
but the nonresonant contribution is entirely real, and the nonresonant response is not
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actually a constant, but rather reflects the convolution of the pump and Stokes pulses
(in time) [82]. Under these conditions the phase, φ(ω), of the response function, χ(ω),













where P is the Cauchy principal value and Ψ{f(ω)} is an operator that is defined as





F−1{f(ω)}, t ≥ 0
F−1{fNR(ω)}, t < 0,
(29)
where fNR(ω) is the nonresonant contribution to the system response (i.e., derived
only from |χNR|). Solving for the system phase, φ(ω), one can solve for the imaginary
component of χ(ω), which is proportional to the spontaneous Raman susceptibility:
χRaman ∝ �{χ(ω)} = |χ(ω)| sin[φ(ω)]. (30)
Figure 26 demonstrates the extraction of the Raman response from the experimental
CARS spectrum of benzonitrile [82].
Figure 26: (a) Measured MCARS spectrum of benzonitrile in ethanol at a concentra-
tion of 1 M (solid) and a measured NRB (dotted). (b) Raman reconstruction using
the KK algorithm. Reprinted from [82]. c� Optical Society of America.
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CHAPTER 3
SYSTEM DEVELOPMENT OF MULTIPLEX COHERENT
ANTI-STOKES RAMAN SCATTERING FOR
LABEL-FREE FLOW CYTOMETRY
Flow cytometry systems have relied on elastic scattering measurement and fluores-
cence detection for over 50 years [1]. The application of MCARS spectroscopy to flow
cytometry provides a new paradigm in flow cytometry investigation as it provides the
rich molecular information contained within the Raman vibrational energy levels of
intrasample molecules. This section presents the design concepts and development
of the MCARS flow cytometer. The first section describes the development of the
backbone of the system, namely, the MCARS microspectrometer. The second section
describes the fluidic subsystem. The third section describes the complete MCARS
flow cytometer, and the final section describes the electronics and software that ac-
quire, synchronize, pre-process, and gate the data.
3.1 MCARS Spectroscopy System
The backbone of the label-free MCARS flow cytometer is an MCARS microspec-
trometer that I originally developed to acquire multispectral, microscopic images (a
simplified, 3D schematic of the MCARS system is shown in Figure 27). A complete
schematic of the system is shown in Figure 28. In this system, a single femtosec-
ond laser provides the pump for the CARS process and a seed source for a length of
PCF that will generate the broadband supercontinuum for use as the Stokes source.
Figure 29 shows a picture of the optical train of the MCARS system in which the
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femtosecond source is split between the pump and seed sources. The thin beamsplit-
ter (specifically designed for ultrafast sources to minimize dispersion) along with a
waveplate provides a mechanism for controlling the power splitting ratio between the
pump and seed sources. The pump beam is routed through two lenses forming a
telescope that allows for an amount of correction of the beam divergence (although
the beam divergence out of the laser is relatively small, the beam width is consid-
erably larger after traversing the system ∼2 m path length). The pump beam is
then routed through a delay line (constructed from an open retroreflector mounted
on a motorized stage that is computer-controlled) that controls the temporal over-
lap between the pump and Stokes sources. After the delay line, the pump beam is
incident upon a narrow bandpass filter that spectrally narrows the pump to a full-
width, half-max (FWHM) of < 3 nm (Maxline, Semrock, Inc, Rochester, NY). The
seed source is steered by several mirrors towards the PCF fiber (FemtoWHITE 800,
NKT Photonics [formerly Crystal Fibre], Birkerød, Denmark). Figure 30 is a picture
of the optical train used to steer, control, and couple the seed source into the PCF.
A waveplate allows for precise control of the incident polarization as the PCF is a
polarization-maintaining fiber; thus, the most efficient supercontinuum generation is
formed when the polarization axis of the source and fiber align. A 60x objective
lens couples the seed source into the PCF that is mounted on a 3D stage. Through
an interplay of nonlinear effects, the ∼7.5 nm bandwidth seed source is converted
into a supercontinuum that spans over 1000 nm [21, 83, 84]. As shown in Figure 31,
the broadband source is coupled from the PCF using a 40x objective lens that is
mounted on a linear stage (providing a means to not only fine-tune the output cou-
pling efficiency, but to also control the beam divergence to closely match that of the
pump beam). The supercontinuum is long-pass filtered to remove wavelengths be-
low the pump wavelength that would act only to obscure (and to possible interfere
with [77]) the anti-Stokes spectrum. The Stokes source is routed by several mirrors
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toward the bandpass filter that is used to spectrally narrow the pump source. In
this geometry, the bandpass filter acts as a notch filter for the Stokes source (reflec-
tive) and as a bandpass filter for the pump. The Stokes source and pump source are
spatially aligned as to be collinear after their respective reflection and transmission
from/through the bandpass filter. Several more mirrors route the beams into the
inverted microscope (a more detailed picture will be presented in Section 3.3). The
microscope focuses the incident beams through microscope objective (available mag-
nifications: 10x, 20x, 40x, 60x, and 100x [oil immersion]) onto the sample, which is
typically mounted on a microscope coverslip that rests on a home-built piezo stage
that provides ∼30 nm incremental motion in two dimensions. The output light is
collected in the forward direction by an objective lens (selected to match the NA of
the focusing objective lens) that collimates the beams and directs them onto a series
of short-pass filters (typically, two; although, in earlier development of the system,
three were used before a more effective filter set was implemented). These short-pass
filters remove the pump and Stokes sources and permit only the anti-Stokes photons
to propagate. The anti-Stokes photons are collected by a collimator tip that couples
the beam into a multimode fiber (100 - 500 µm core) that is attached to an imaging
F number (F/#) matcher (Oriel Imaging F/# Matcher, Newport-Stratford [formerly
Oriel Instruments], Stratford, CT) . The F/# matcher matches the NA of the fiber
(approximately) to the NA of the spectrograph to improve coupling efficiency. The
spectrograph is a dual-turret design that allows for mounting two different gratings
(MS-260i, Newport-Stratford, Stratford, CT). Additionally, the turret, through rota-
tion, allows for a user-selectable center wavelength. Also, the user can control the
input slit width which affects the effective resolution and the intensity incident on
the detector (N.B., typically, the spectrograph, when used with a 600/mm grating, is
operated with a 500 µm slit, which maximizes the detected signal while maintaining
the spectral resolution afforded by the laser sources). The spectrometer detector is a
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1024 x 256 pixel CCD chip (front-illuminated, open electrode) with thermo-electric
(TE) cooling down to −80o C (InstaSpecX, Newport-Stratford, Stratford, CT). The
technical specifications for this camera (for both the fast- and slow-A/D circuitry)




















Figure 27: Simplified schematic of the MCARS microspectrometer. A femtosecond
laser acts as both the pump for the CARS generation process and as the seed source
for a length of PCF that produces the supercontinuum Stokes source. A stack of
3 short-pass filters spectrally separates the anti-Stokes photons from the pump and
Stokes beams. A fiber coupler collects the filtered signal, and a multimode fiber
transmits the anti-Stokes signal to a CCD-equipped spectrometer (not shown).
One of the first images taken with the MCARS microspectrometer was that of
polystyrene (PS) beads mixed with canola oil. A drop was placed on a microscope
coverslip, and the sample was raster scanned over an 85 x 85 µm area in ∼15 minutes
(0.5 s per pixel). A 40x objective focused the excitation sources on the sample,
and another 40x objective collected the output beams. The peak anti-Stokes signal
at ∼ 2850cm−1 for the canola oil and the peak at ∼ 3030cm−1 for PS [see the




Figure 28: Schematic of the MCARS microspectrometer and flow cytometer optical
train. M1-14, mirrors; WP1-3, waveplates; VA1-2, variable attenuators; O1-2, ob-
jective lenses; ISO, isolator; PCF, photonic crystal fiber; BP, band-pass filter; LP,
long-pass filter; RR, retroreflector. The output light from the microscope is filtered
and couples into a multimode fiber (not shown) that connects to the spectrometer


















Figure 29: Image of the optical train providing the pump source and the seed to
the PCF, which will generate the broadband supercontinuum. The output of the
ultrafast laser is split by a 50/50 beamsplitter; thus, providing the seed and pump
sources. The pump source is routed through a delay line to enable fine-tuning of the
temporal overlap between the pump and Stokes sources. The seed source is directed
























Figure 31: Image of the Stokes source (PCF) output and the recombination of
the Stokes and pump sources. The supercontinuum output of the PCF is long-pass
filtered, and several mirrors steer the beam onto a narrow bandpass filter. At the
bandpass filter, the pump source propagates through and is spectrally narrowed (<
3 nm full-width half-maximum [FWHM]), and the Stokes source, from the opposite
direction, is reflected (with the pump-equivalent wavelengths propagating through).
The pump and Stokes sources are then routed toward the microscope by several
steering mirrors.
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Table 2: CCD camera specifications for the MCARS spectrometer system.
Parameter Value Units
Wavelength Range 200-1000 nm
Pixel Size 26 x 26 µm
Dark Current (−75o C) 0.001 e/pixel/s
Read Noise (Slow A/D) 6 e rms
Read Noise (Fast A/D) 24 e rms
Dynamic Range 16 bits
Acquisition Rate (Slow A/D) 54.9 Hz
Acquisition Rate (Fast A/D) 104 Hz
Electronic Gain (selectable) 3, 6, 12 e/count
Table 3: Specification of the MCARS microspectrometer system.
Parameter Value Units
MIRA Wavelength ∼806 nm
MIRA Pulse Duration <125 fs
MIRA Pulse Bandwidth ∼8 nm
Stokes Wavelength 850 - 1600 nm
Pump Bandwidth (at sample) ∼3 nm
Pump Power (at sample) 1-50 mW
Stokes Power (at sample) 1-40 mW
Maximum Spectral Record Rate 100 spectra/s
Maximum Sample Stage Range 12.5 mm
Minimum Sample Stage Incremental Motion ∼30 nm
Typical Image Rate (40x40 pixels) 0.5 - 15 min
Single-Shot Bandwidth (grating dependent) ∼84, ∼170 nm
Spectrometer Resolution (grating dependent) ∼0.08, ∼0.17 nm
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contributions from PS and canola oil. Figure 32(b) shows the pseudocolor image of
the PS beads (red) in canola oil (blue). As a result of the coloring scheme, pixels that
contain contributions from both are purple. Due to refractive effects and destructive
interference of the anti-Stokes signal, the areas around the edge of the bead contain
no signal [31].





































Pseudocolor Image of 25 �m Polystyrene
Microspheres (Red) in Canola Oil (Blue)













Figure 32: (a) MCARS spectrum of canola oil (blue) and polystyrene (red). (b)
Pseudocolor image of 25 µm PS beads mixed with canola oil. Image acquisition
required ∼15 minutes with a 0.5 s integration time per pixel.
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3.2 Microfluidics
The MCARS flow cytometer relies on a glass microfluidic chip (Microfluidic Chip,
Translume, Inc., Ann Arbor, MI) to act as the flow cell for sample analysis. The
flow cell provides three input ports (300 x 100 µm [width x height]) and a single
output port (300 x 100 µm). Each of the input ports are connected to a syringe
mounted on a syringe pump (PHD 2000, Harvard Apparatus, Holliston, MA), which
allows precise flow control. In this system two ports are used to provide a sheath flow
and one port loads the sample suspension. By selecting which ports connect to the
sheath syringes and which connects to the sample syringe, the flow characteristics
are controllable. To efficiently focus the sample solution into a focused stream, two
hydrodynamic methods have been used with this system: hydrodynamic focusing and
hydrodynamic herding. Hydrodynamic focusing applies high-speed sheath flows to
the two lateral ports of the microfluidic chip, and the sample is pumped into the
axial port [see Figure 33(a)]. This mechanism focuses the sample into a small central
stream. The force applied by the syringe pump and the ratio of the cross sectional
area of the sheath and sample syringes determines the focused stream width and flow
speed. Hydrodynamic herding, on the other hand, places the sheath flow on 1 lateral
port and on the axial input port. The remaining lateral port receives the sample flow
[see Figure 33(b)]. This focusing method forces the samples to flow along the side wall;
thus, minimizing lateral deviation of the sample stream due to perturbations (e.g.,
pulsation) in the sheath and sample flow characteristics [85–87]. Due to the direct
contact of the sample with the glass sidewall, however, the samples may adhere to
the glass.
In commercial flow cytometers, the sample and sheath flows are independently
controllable, but in the developed flow cytometer, a single syringe pump is used;
thus, the flow characteristics are controlled by selecting different sized syringes for








Figure 33: Images of red dye flowing through a glass flow cell. (a) Demonstrates
hydrodynamic focusing in which syringes pump the sheath fluid through both lateral
ports and the sample through the axial input port. (b) Demonstrates hydrodynamic
herding in which the syringe pump pumps the sheath fluid through one lateral port
and the axial input port and the sample through the other lateral port.
applied the mathematical formulation of [88] to the flow chip geometry (see Figure 34).
Specifically, one begins with the principle of mass conservation, which in this context
states that the total amount of fluid entering the system must equal the total amount
of fluid leaving the system:
Qo = Qi + 2Qs = vo × wo × h, (31)
where Qo, Qi, and Qs are the output, sample input, and [individual] sheath input
volumetric flow rates; vo is the average stream-wise velocity of the output; and wo
and h are the width and height of the output channel, respectively. Additionally, the
amount of sample flow entering the system is the same as the amount of fluid exiting
through the focused stream:
Qi = vf × wf × h, (32)
where vf is the average velocity of the focused stream at the output, and wf is the
width of the focused sample stream. From these equations, the ratio of the focused







where a new parameter γ has arisen and is defined as the ratio of the average stream-







For systems under laminar flow (i.e., low Reynolds number) with incompressible,












where u is the stream-wise velocity, µ is the viscosity, p is the pressure, and C is a








































































where ri and rs are the radii of the syringes used for the sample and sheath flows,
respectively. Solving for the left- and right-hand sides simultaneously provides the
focused flow width, wf , which can be used to find the focus flow velocity, vf , [using
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Eq. (17)] and γ [using Eq. (18)]. The simulated [normalized] stream-wise velocity
for the glass channel is shown in Figure 35. One can see that the flow for this













Figure 34: Schematic of flow channel with flow dynamic parameters identified. Qi,
Qs, and Qo are the volumetric flow rate for the sample input, sheath inputs, and
output, respectively. wi, ws, and wo are the channel widths of the sample input,
sheath inputs, and outputs, respectively. wf is the width of the focused stream. vf
is the stream-wise flow velocity of the focused stream. Not shown: h is the channel
height and vo is the stream-wise velocity of the output channel. Imaged based on
Figure 1 in [88].
To better understand the MCARS flow cytometer fluidic system performance,
one can apply the previous mathematical model to the developed system. Table 4
presents the flow system parameters for the simulation (N.B., sample injection rates
are limited to practical flow rates: the system can inject over 30 mL/min with large
diameter syringes). Figure 36 simulates the sample and sheath (total) width versus
the diameter of the sample injection syringe (fixed sheath syringe diameter 12.45
mm, which was the largest syringe available that easily fits within the syringe pump).
Figure 37 is the flow velocity versus sample volumetric flow rate for the 4 available
sample syringe sizes. One can see that as the sample syringe diameter decreases, the
velocity of the flow increases to maintain a given flow rate. In selecting the appropriate
size syringe, one needs to account for sample velocity and flow rate as the velocity will
determine the sample transit time; thus, affecting the strength of the recorded signal.
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Figure 35: Normalized stream-wise flow velocity within the flow chip. The flow
channel is 300 µm wide and 100 µm deep; thus, the velocity profile is not parabolic,
such as found in much larger flow cells, and the flow profile is not homogeneous across
the chip as it would be if the chip was significantly shallower.
Table 4: Specifications of the developed MCARS flow cytometer fluidic subsystem.
Parameter Value Units
Sheath Syringe Volume 6 mL
Sample Syringe Volume 0.1, 0.25, 0.5, or 1.0 mL
Sheath Syringe Diameter 12.45 mm
Sample Syringe Diameter 1.46, 2.3, 3.26, 4.61 mm
Sample Injection Rate 0.0001 - 0.001 mL/min
Channel Widths 300 µm
Channel Depths 100 µm
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Additionally, one will need to account for the sample concentration as small diameter
syringes will generate fast moving samples that are spaced far apart. For example,
Figure 38 shows the number of particles per second flowing through the flow cell for a
sample of 5 µm particles at a concentration of 107/mL as a function of [sample stream]
volumetric flow rate. One needs to consider, however, that the flow cytometer will
only be able to analyze a single stream of particles. For example, if a 1 mL sample
syringe is used, the sample stream will be nearly 20 µm wide; thus, approximately,
1 of every 4 particles, on average, will be probed. Experimentally, I have monitored
flowing particles under these conditions, and the particles flow through the flow cell in
lanes– neighboring particles force other particles into neighboring lanes; thus, a 20 µm
sample stream performs to a good degree like 4 individual sample streams. Without
any lateral flow (such as can be caused by obstructions), the particles flow at the same
lateral location across the flow cell for the length of the chip; thus, the approximation
seems reasonable. Figure 39 shows the number of particles flowing through the focal
region of the flow cytometer as a function of sample volumetric flow rate and includes
the penalty associated with sample streams wider than the hypothetical 5 µm particle
(concentration of 107/mL). In this figure, one can see that for the smallest syringes
the measurable particles per second matches the ideal case of all particles propagate
through the focal volume. For larger syringes, however, the effect of the sample
stream width being significantly larger than the 5 µm particles is pronounced. To
compensate for this effect, the sample concentration can be adjusted.
The CCD camera attached to the spectrograph (InstaSpecX, Newport-Stratford,
Stratford, CT) typically operates at 100 Hz. To operate at maximum efficiency, one
particle should pass through the focal volume every 10 ms. The optimal sample
concentration versus volumetric flow rate are shown in Figure 40, which is also a
function of sample syringe size. Finally, as the velocity of flowing particles is a
function of the sample syringe size, Figure 41 demonstrates the effect of the SNR of
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Figure 36: Simulated sample stream (left axis) and sheath stream (right axis) width
as a function of sample syringe diameter with the sheath syringes fixed with a 12.45
mm diameter.
Figure 37: Sample stream as a function of sample syringe volumetric flow rate for four
different sample syringe volumes. As the syringe volume (i.e., diameter) increases,
the sample stream velocity slows resultant of the increase in the sample stream width
as shown in Figure36.
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Figure 38: The number of particles per second flowing through the flow cell as
a function of sample volumetric flow rate for a hypothetical 5 µm particle sample
suspension with a concentration of 107/mL.
the recorded MCARS spectrum versus volumetric flow rate for the 4 different syringe
sizes. Based on the previous figures, one may conclude that the 100 or 250 µL sample
syringes are the optimal selection for efficiently injecting the sample, but Figure 41
shows that the largest syringe also has the advantage in that it moves the largest
volume at the slowest velocity; thus, the SNR is the highest. Also, at low volumetric
flow rates (typically below 0.1 µL/min), the samples may stick and aggregate along
the input port. Additionally, the smallest syringes may suffer from backflow as their
small injection rates are very sensitive to pulsation (i.e., sheath and syringe flow
perturbations) of the syringe pump. To balance out the advantages of single-stream
flow offered by the smallest syringes, and the stability and velocity profile of the larger
syringes, I have adopted the 250 and 500 µL syringes (older research uses the 1 mL
sample syringe) in standard operating procedures.
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Figure 39: The number of particles per second flowing through the flow cell focal
region as a function of sample volumetric flow rate for a variety of sample syringe sizes
for a hypothetical 5 µm particle sample suspension with a concentration of 107/mL.
As larger diameter sample syringes produce a larger sample stream, the number of
particles per second flowing through the focal volume is reduced from those flowing
through the entire flow cell.
Figure 40: The optimal concentration of the sample suspension as a function of
sample volumetric flow rate in order to have 100 particles flow through the focal
region per second.
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Figure 41: The measurable SNR of a hypothetical particle as a function of sample
syringe volumetric flow rate. As the syringe diameter decreases, ceteris paribus, the
SNR decreases due to the sample velocity increasing (see Figure 37), which reduces
the sample transit time.
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3.3 MCARS Flow Cytometer System
The MCARS flow cytometer was constructed upon the MCARS microspectrometer
platform as described in Section 3.1. Figure 42 shows a schematic of the label-free
flow cytometer system. Unlike the traditional MCARS system, the MCARS flow
cytometer collects not only anti-Stokes photons, but also records the elastically scat-
tered photons in the forward and lateral directions. Figure 43 shows a picture of the
cytometer system including the coupling of the incident beams into the microscope,
the excitation and collection optics, and the elastic scatter measurements detectors.
The incident beams are focused onto a microfluidic chip (see Figure 44), and a module
collects the anti-Stokes photons and residual pump and Stokes beams in the forward
direction with a 50x long-working distance objective and separates the light with a
dichroic beam splitter (DMLP900, Thorlabs, Newton, NJ) (N.B.: the published im-
plementation of this system uses a 10x long-working distance objective). Ideally, the
collection objective would match the NA of the excitation optics, but the fluidic ports
present a space limitation. A silicon detector measures the sample FSC (PDA36A,
Thorlabs, Newton, NJ) of the transmitted longer wavelengths. In this configuration,
the FSC signal strength is inversely proportional to the scatter strength. Addition-
ally, another amplified silicon detector is placed near the chip, laterally from the flow
direction, to record the SSC. A high-speed data acquisition board (DAQ) (NI-DAQ
6366, National Instruments, Austin, TX) collects the signal from both silicon detec-
tors, and a LabView VI processes the data (N.B.: in the published implementations
of this system, the elastic scatter was measured only in the forward or lateral di-
rection using a NI-DAQ 6251 DAQ board, which did not provide for simultaneous
sampling over multiple channels [85–87]). Within the optical module, the shorter
wavelengths that reflect off of the dichroic mirror propagate through two short-pass
filters, which only transmit the anti-Stokes photons. A fiber-coupled collimator tip
collects the anti-Stokes photons and transmits them to a spectrograph (MS-280i,
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Newport Stratford, Inc., Stratford, CT) equipped with a CCD camera (InstaSpecX,
Newport-Stratford., Stratford, CT). The signal from the CCD camera transmits to
a computer (Dell OPTIPLEX 755, 2.66 Ghz Intel Core 2 Duo CPU, 3.25 GB RAM)
and records in LabView. The technical specifications of the MCARS flow cytometer



















Figure 42: Schematic of label-free flow cytometer that uses MCARS to obtain molec-
ularly specific information. A femtosecond laser acts as both the pump for the CARS
generation process and as the seed source for a length of PCF that produces the su-
percontinuum ”Stokes” source. An amplified silicon detector measures the elastically
scattered photons in the forward direction. Another amplified silicon detector, posi-





















Figure 43: Image of label-free flow cytometer. The pump and Stokes sources are
coupled into the inverted microscope through a periscope and then focused onto
the microfluidic chip from below. Elastically scattered photons at an oblique angle
(SSC) are recorded by an amplified silicon detector. A long-working distance ob-
jective lens collects the CARS signal and the transmitted pump and Stokes beams
(elastically scattered photons in the forward direction [FSC]). The objective lens colli-
mates which are spectrally separated by a dichroic beamsplitter that transmits longer
wavelengths (> 900 nm). These transmitted photons are collected onto an amplified
silicon detector to measure FSC. The shorter wavelengths are further filtered by two
short-pass filters, and the remaining anti-Stokes photons (CARS) are coupled into










Figure 44: Close-up image of the microfluidic chip. Three input ports provide two
sheath flow streams and a sample input. The output port is connected through tubing
to a waste vessel.
Table 5: Specifications of the MCARS flow cytometer system.
Parameter Value Units
Ultrafast Source Wavelength ∼806 nm
Ultrafast Source Pulse Duration <125 fs
Ultrafast Source Pulse Bandwidth ∼8 nm
Stokes Wavelength 850 - 1600 nm
Pump Bandwidth (at sample) ∼3 nm
Pump Power (at sample) 1-50 mW
Stokes Power (at sample) 1-40 mW
Maximum Spectral Record Rate 100 spectra/sec
Typical Spectral Record Rate 50 spectra/sec
Maximum Sample Stream Flow Rate >200 µL/min
Typical Sample Stream Flow Rate 0.2 - 1 µL/min
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3.4 Electronics and Software
Successful collection of MCARS flow cytometry data involves synchronization and
acquisition from several electronic devices. Additionally, the software that operates
the system needs to properly co-register spectral and scatter measurements to prop-
erly apply gates and to store data at high-speed. Figure 45 is a flowchart of system
operation. When the software begins (written in LabView with MATLAB plug-in
components), the CCD camera, the DAQ master clock, and the analog input chan-
nels are initialized. For the CCD camera, this step sets the cooling temperature (-70o
C), the analog-to-digital (A/D) gain (typically, high gain) and speed (high-speed), the
integration time, the region of interest of the 2D CCD chip (1024 x 256 pixels), and
the acquisition mode (external triggering on a rising edge). The master clock, which
is based on a 80 MHz counter, creates a 100 Hz square wave that will trigger the CCD
camera and the analog input channels acquisitions. The analog input channels, which
will record the elastic scatter detector voltages, record data at up to 1,000 kHz (user-
selectable; typically ∼10-100 kHz) when triggered. Next, the CCD camera is given a
start command, followed by the analog input channels. Finally, the master clock is
initiated after the other 2 channels to ensure that acquisition begins on the first clock
pulse. The first two acquisitions of the system are the background FSC, background
SSC, and background MCARS spectrum. These background measurements will be
used by the software gates to compare future acquisitions.
Next, the system moves into normal acquisition mode. The LabView software now
specifies that each channel will only operate in 1 second intervals. Due to on-board
memory of the DAQ and the data transfer rates, it was found that the most efficient
data acquisition occurs when multiple spectral and elastic scatter measurements are
captured and then the data is collected by the computer. For example, collecting
an individual spectrum at 100 Hz and recording the elastic scatter profiles at 10
kHz, allows the system to operate at only 30 Hz due to the latency between storing
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the data in computer memory and restarting the DAQ and CCD acquisition. On
the other hand, collecting the data for 100 cycles before transferring data to the
computer, permits system speed at nearly 93 Hz (with the maximum possible being
100 Hz). During typical system operation, 100 spectra are collected, 10,000-1,000,000
elastic scatter measurements (per scatter channel) are registered into 100 scatter
profiles (i.e., each MCARS spectrum is co-registered with an FSC and an SSC scatter
measurement), and the data is passed along to software gates. The software gates
provide the user with a variety of options to independently evaluate the scatter and
spectral measurements. For example, the scatter gate can be set to only accept
cycles in which the SSC scatter voltage passes above 5 V (0 V baseline) and the FSC
voltage must drop below 5 V (10V baseline), and the spectral gate can be set to
accept only spectra with a peak with a given strength in a particular spectral region.
Additionally, the user can select how the spectral data is pre-gate processed. For
example, the background can be subtracted from the MCARS spectra, the MCARS
spectra can be normalized to the background spectra (such as in [85–87]), or the KK
reconstruction algorithm can be applied before the gates are evaluated (most recently
the typical pre-processing method). If a spectrum or elastic scatter measurement
do not pass a respective gate, the background buffer for the elastic scatter and/or
spectral measurements is updated with the mean between the new spectrum and
the previously recorded background spectrum. If, however, an acquisition passes
all gates, the MCARS and elastic scatter arrays are updated with these recording,
and the background buffer is recorded into the background array for storage. The
motivation for constantly updating the background arrays (as opposed to relying on
the first two acquisitions that initialized the background arrays) is to account for
spectral and baseline fluctuations in the MCARS measurements and elastic scatter
measurement, respectively. This is especially important with the use of a PCF for the
Stokes source, as the output can fluctuate noticeably (not necessarily significantly)
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over a matter of minutes. As this software operates in 100 acquisition bursts, the
described gate evaluation and array updating occur for the 100 samples in parallel.
After the number of passed gates exceeds a user-defined value, the data arrays are
saved to disk.
To characterize the synchronization of the acquisition system, I placed an aug-
mented chopper wheel in the incident beam path leading into the microscope. The
area of the chopper wheel where the incident beams pass was taped except for a single
slit. This allowed the wheel to be rotated at speed of 100 - 900 Hz with a pulse of
light being created at approximately 3 - 30 Hz with pulse widths of 4.4 - 0.56 ms.
The CCD recorded a small spectral segment of the incident Stokes beam that bled
through the filter set at 775 nm (during MCARS measurement, this bleed-through
is spectrally separated from the region of interest; thus, it does not interfere with
measurements). For example, I recorded the spectrum and FSC scatter measurement
(baseline fluctuations) for the chopper rotating at 473 Hz (pulse repetition rate ∼15.9
Hz, pulse width ∼1.1 ms). Figure 46 shows the scatter plot of MCARS maximum
intensity versus elastic scatter maximum intensity for 3000 acquisitions. One can see
the low state acquisitions (i.e., incident beams blocked), and the high-state acquisi-
tions. There are also two clusters in which the MCARS and elastic scatter measured
opposite polarities (i.e., one signal read high and the other low) that result from the
CCD and elastic scatter becoming unsynchronized. Proper synchronization and gat-
ing the system to only capture high-state elastic scatter produces the scatter plot in
Figure 47. In this plot, one can see that the majority of the signal occurs when both
channels measure a high signal. There is still, however, a significant portion of the
MCARS spectral maximum that is not near the maximum value. The spread of spec-
tral maxima is a side-effect of using a CCD camera and its method of capturing light,
recording data, and clearing the CCD chip in preparation for the next record cycle. A
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Figure 45: System flowchart for MCARS flow cytometer.
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2D CCD chip is composed of rows and columns of individual elements that have elec-
trical connections to neighboring elements (the exact wiring is camera-dependent).
In the developed system, the chip operates in full vertical binning mode; thus, after
each acquisition, the electrical charge from each column (each column represents a
unique spectral range) is collected into a single bin of a shift register, and once all
the columns have been loaded into the separate bins of a shift register, the signal is
forwarded onto the analog-to-digital (A/D) subsystem of the CCD for quantification
(see Figure 48). In order to vertically shift the charges down the shift register, the
charge of each element is incrementally shifted down one row at a given rate (∼30
µs per row). The uppermost row(s) is deactivated and cleaned during which this
element(s) will not accept any new charge. The lower rows, however, are still able to
accept new charges. In a system, such as the one described in this thesis that operates
without a shutter, the lower rows are able to accept new charges not only from rows
above, but also from those created by new incident photons. Although the CCD chip
has an integration time of 1 ms, the time in which it captures photons is closer to 8.5
ms. Additionally, as more CCD elements are deactivated and cleaned, the effective
area of the CCD decreases. The elastic scatter measurement, however, continuously
records into the DAQ memory; thus, there is no sensitivity penalty [see Figure49(a)].
Looking at the maximum MCARS signal versus the position within the 10 ms cycle
that the signal arrived, as shown in Figure 49(b), demonstrates the aforementioned
affect. This measurement shows that the CCD chip records data most efficiently be-
tween the trigger (time 0) and approximately 6 ms. From around 6-8.5 ms, the CCD
records photons at a rapidly reducing efficiency. Based on this measurement, the
recorded MCARS spectrum could be amplitude corrected to account for the reduced
efficiency; although, this may introduce additional noise and errors. After 8.5 ms, the
CCD is completely inactive. Figure 50 shows the MCARS maximum intensity as a
function of elastic scatter measurement with MCARS spectral gating (the MCARS
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intensity must meet a threshold) and elastic scatter gating to only record when light
passes through the chopper slit. Additionally, the recorded spectrum of the CCD has
been corrected based on the time in which the light was recorded.























Figure 46: The maximum spectral intensity versus the maximum scatter voltage
when using an augmented chopper wheel to pulse the incident source beam coupled
into the microscope. The chopper wheel is rotated at approximately 473 Hz, produc-
ing ∼1.1 ms pulses at ∼15.9 Hz repetition rate. Although the system properly records
scatter and spectra for the high state (beams passing the chopper wheel) and the low
state (beams blocked), improper gating and synchronization between the CCD and
elastic scatter measurement DAQ produce data in which one detector measures a low
state and the other a high state (and vice versa).
The electronics and software subsystem of the MCARS flow cytometer allows for
acquisition of sample spectra and elastic scatter measurements at over 100 Hz with
full software processing and gating at over 90 Hz. The software system, beyond
data handling, allows the user great flexibility in how to analyze, pre-process, and
gate data. Figure 51 shows the graphical user interface of the “Flotonics” software
package during operation. The sample under test in the screenshot is a mixture of
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Figure 47: The maximum spectral intensity versus the maximum scatter voltage
when using an augmented chopper wheel to pulse the incident source beam coupled
into the microscope. The chopper wheel is rotated at approximately 473 Hz, produc-
ing ∼1.1 ms pulses at ∼15.9 Hz repetition rate. The system is gating to only capture
high states and the detectors are synchronized. The data that deviated from the
expected high state is resultant of the CCD capturing photons outside of the ideal
recording window of approximately 6 ms.
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Figure 48: Schematic depicting the operation of a 2D CCD array in full vertical
binning mode. In the recording phase, photons generate charges within each element
of the chip. During the read cycle, the charge from each row is shifted downward by
one row at a time into a shift register. The uppermost row is deactivated (i.e., cannot
store new charges) and cleaned (i.e., remnant charges are removed), but the remaining
CCD elements are able to receive charges not only from upper rows shifting their
charges downward, but also from new incident photons. During the read cycle, the
CCD camera continues to record photons but with increasingly diminished capacity
and efficiency. After all the charges have been collected in the shift register, the
charges are forwarded to analog amplification circuitry and A/D circuitry for counting







































Figure 49: (a) The maximum scatter voltage versus the clock time within a single
acquisition in which. (b) The maximum spectral intensity versus clock time within a
single acquisition. As the DAQ continuously captures voltages at 10 kHz, the recorded
scatter voltage is not effected by the time during the acquisition it arrived (excluding
the first and last temporal bin, which are affected by triggering jitter). The CCD,
however, most faithfully records spectra during the first [approximate] 60 ms of the
acquisition window. After the first 60 ms, the CCD camera begins to collect and












































New Gate High State
(a) (b)
Figure 50: (a) The maximum spectral intensity versus clock time within a single
acquisition. The raw data (blue) depicts the reduced CCD efficiency as photons arrive
after the first ∼6 ms of the acquisition. Amplitude correct (green) can be performed
on data to account for the reduced efficiency, and a new gate can be placed on the
corrected data to remove the amplified noise from the amplitude correction algorithm.
(b) The maximum spectral intensity as a function of the maximum scatter voltage.
With proper gating, the high state (i.e., beams pass through the chopper wheel) is
successfully captured. The raw data (blue) reveals the spectral fluctuation, but with
proper gating and amplitude correction presented in (a), the high state subpopulation
is significantly tighter.
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PS beads. One can see the windows showing real-time FSC and SSC waveforms,
the Raman reconstruction (KK algorithm) of the samples that passed the gates, the
current background MCARS spectrum, a scatter plot of the SSC versus FSC, and
pertinent system information such as sample passage rate, net acquisition rate, and
remaining time. Additionally, the software allows the user to customize the data pre-
processing (e.g., KK reconstruction algorithm), gating of all channels independently,
the speed and operation of the elastic scatter module (and monitor the real-time speed
of the subsystem) as well as all adjustable parameters for the MCARS spectrometer.
�����
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Figure 51: Screenshot of software during operation. The sample under test in the
screenshot is a mixture of PS beads. One can see the windows showing real-time
FSC and SSC waveforms, the Raman reconstruction (KK algorithm) of the samples
that passed the gates, the current background MCARS spectrum, a scatter plot of
the SSC versus FSC, and pertinent system information such as sample passage rate,
net acquisition rate, and remaining time.
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The developed MCARS flow cytometry software and electronics subsystem pro-
vides a powerful and flexible platform for the acquisition and analysis of MCARS
flow cytometric data. Its development not only represents a software development
feat in complex multi-instrument synchronization, but also a challenging design effort
in data and memory management and event handling. Future enhancements, such as
coding all or parts of the software in compiled languages, such as C, could provide
further speed enhancements. Additionally, upgrading the computer hardware (cur-
rently, a Dell OPTIPLEX 755, 2.66 Ghz Intel Core 2 Duo CPU, 3.25 GB RAM) could
improve the performance as larger acquisition segments could be processed (the 3.25
GB memory limit of the 32-bit operating system limits the most efficient spectral
block size to ∼100 per second). Finally, upgrading the CCD camera would provide a
dramatic improvement in performance as the current system is limited to a maximum




In this chapter, I will characterize the MCARS spectroscopy subsystem, the elastic
scatter measurement platform, and the performance of the complete system. In the
first section, I will demonstrate that the MCARS spectroscopy subsystem is both
stable and with the help of the KK reconstruction algorithm, able to properly probe
the Raman vibrational band structure of sample molecules with high resolution and
SNR. In the second subsection, I will present the characterization of the elastic scatter
platform. It will be demonstrated that the elastic scatter measurements can be used
to separate sample subpopulations based on FSC and SSC intensities, and under
certain conditions, can be used to size particles. Additionally, the effect of sample
flow rate will be experimentally demonstrated and the implications discussed. In
the final subsection, I will characterize the SNR of the MCARS flow cytometer and




The MCARS spectroscopy subsystem is the backbone of the MCARS flow cytometer
from which it derives its sensitivity and resolution. Unlike CARS microscopy systems
that typically rely on a combination of lasers and/or parametric devices that are
fixed to particular wavelengths, most MCARS system rely on a single femtosecond
laser and a PCF to produce the pump and Stokes sources, respectively. Although
the PCF provides an efficient and inexpensive means to produce a supercontinuum
source, they are highly sensitive to seed source power and wavelength fluctuations
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and input beam alignment. To demonstrate the stability of the MCARS system, the
MCARS spectrum of objective oil was recorded every 1 second for 20 minutes. This
period of time was determined to represent the longest likely time to analyze a sample
in the flow cytometry system. Additionally, the spectrometer settings were adjusted
to represent the typical setting used during flow cytometry experiments: high-speed
A/D, high electronic gain, 1 ms integration time (which is the longest integration
time in which the spectrometer will operate at 100 Hz), and the CCD camera binned
full-vertically and by 4 pixels horizontally (spectrally). Also, the excitation beams
were attenuated with a variable attenuator to demonstrate realistic MCARS ampli-
tudes for flowing particles. The test was performed under realistic conditions (i.e., far
from ideal) and contain contributions from the environment, such as vibrations due to
nearby construction, building infrastructure, air currents, and laboratory equipment;
although, the entire system resides on a floating table, which greatly reduces these
effects. The Raman spectrum of the objective oil, which was used as the sample for
this test, is shown in Figure 52. The spectrum was collected on a Thermo Nicolet
MicroRaman system. Figure 53(a) shows the time stack spectra from the developed
MCARS system and Figure 53(b) shows the mean (black), maximum (blue), and
minimum (red) spectrum obtained over the 20 minute period. Within the MCARS
system bandwidth, one can see three peaks at ∼2850 cm−1 (“peak 1”), ∼1580 cm−1
(“peak 2”), and at ∼1450 cm−1 (“peak 3”). Peak 1 likely corresponds to the combi-
nation of peaks at 2855 cm−1, 2924 cm−1, and 3063 cm−1 in Figure 52. These peaks
are closely spaced with regard to their FWHM and the weaker peaks at 2855 nearly
blends into the larger peak even when using Raman spectroscopy. Additionally, the
quadratic dependence of CARS on molecular concentration indicates that the larger
peaks will become substantially larger than the weakest peak at 3063 cm−1, which
in combination with the spectral distortions described in Chapter 2 and the spectral
resolution afforded by the femtosecond pump source and the spectrometer binning,
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inhibit the ability to isolate these three peaks. Peak 2 corresponds with the Raman
peak at 1605 cm−1 and peak 3 with the Raman peak at 1445 cm−1. Figure 54(a)-(c)
shows the intensity fluctuation over the 20 minute recording period of peaks 1, 2,
and 3 respectively. One can see that the peak fluctuations of peak 1 and peak 3
are approximately ±2% from the mean and peak 2 is approximately ±1.5%. Fig-
ure 54(d)-(f) show the corresponding peak location fluctuations as a function of time.
Peak 1 appears to fluctuate the most heavily (±8.5cm−1 from the mean); although,
examination of Figure 53(b) shows that this peak is nearly flat between two pixels;
thus, these fluctuations are overstated. Additionally, in this wavelength range, the
spectral separation between neighboring CCD pixels is ∼17 cm−1; thus, these fluc-
tuations are between just two pixels. Peak 2 demonstrates the fewest fluctuations.
Peak 3 demonstrates the most fluctuations (±17cm−1 [±1 pixel]), which results from
the relatively broad, flat spectral shape.
Figure 52: Raman spectrum of objective oil collected on a Thermo Nicolet Micro-
Raman microspectrometer system.
Without data processing, this system demonstrates, typically, better than ±1
CCD pixel resolution. Recently, the KK reconstruction algorithm was integrated






































































Figure 53: (a) Time stack image of the MCARS spectra for a sample of objective oil.
Each spectra was collected with a 1 ms integration time with a 1 second delay between
images over a 20 minute period. (b) The mean (black), max (blue), and minimum
(blue) spectral features recorded over the 20 minute period. The peak at ∼2850 cm−1
will be referenced as “peak 1”, the peak at ∼1580 cm−1 will be referenced as “peak
2”, and the peak at ∼1450 cm−1 will be referenced as “peak 3”.
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Figure 54: (a)-(c) The percentage change in the peak intensity height for the first
(blue), second (red), and third (green) peaks, respectively. (d)-(f) The spectral shift
of the first (blue), second (red), and third (green) peaks, respectively. A change of 1
spectral bin (pixel on the CCD) is equal to ∼12 - 17 (cm−1) (the wavenumber spacing
is not constant across the entire spectrum).
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investigate the stability of the Raman reconstructed data as well. Using the previ-
ously recorded raw data and the spectrum of water collected at the beginning of the
20 minute test to approximate the nonresonant background, the KK-reconstructed
spectra were generated. Figure 55(a) and (b) shows the time stack spectra and the
mean (black), maximum (blue), and minimum (red) spectra, respectively. In the
reconstructed spectra, peak 1, 2, and 3 have shifted to 2887, 1604, and 1449 cm−1,
respectively, which closely aligns with the experimentally recorded Raman peak loca-
tions. Figure 56(a)-(c) shows the intensity fluctuation over the 20 minute recording
period of peaks 1, 2, and 3 respectively. Compared to the raw data, the intensity
fluctuation of peak 1 has remained approximately the same, but the relative intensity
fluctuations of peak 3 has increased slightly. More importantly, however, the spectral
locations fluctuations of peak 1 and 3 (see Figure 56(a) and (c)) have dramatically
reduced with the location of peak 1 being constant and peak 3 only shifting ±1 pixel
0.4% of the samples. Peak 2, on the other hand, has degraded in both intensity fluctu-
ations and spectral location. The root cause of this degradation is from phase errors
in the KK reconstruction. These errors arise from the use of a single background im-
age with a low SNR (see Figure 57). Collecting the MCARS spectrum of water with
higher power incident beams would greatly improve the reconstruction. Additionally,
as described in Chapter 3, the background spectrum is constantly updated during
cytometer operation; thus, one can expect a significantly improved reconstruction




















































Figure 55: (a) Time stack image of the KK Raman (KK/Raman) reconstruction
from the MCARS spectra for a sample of objective oil. Each spectra was collected
with a 1 ms integration time with a 1 second delay between images over a 20 minute
period. (b) The mean (black), max (blue), and minimum (blue) spectral features
recorded over the 20 minute period. The peak at ∼2887 cm−1 corresponds to “peak
1” in Figure 53 as the peaks at ∼1604 cm−1 and ∼1449 cm−1 correspond to peaks 2
and 3, respectively.
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Figure 56: (a)-(c) The percentage change in the peak intensity height for the first
(blue), second (red), and third (green) peaks, respectively. (d)-(f) The spectral shift
of the first (blue), second (red), and third (green) peaks, respectively. A change of 1
spectral bin (pixel on the CCD) is equal to ∼12 - 17 (cm−1) (the wavenumber spacing
is not constant across the entire spectrum).




















Figure 57: MCARS spectrum of water used to approximate the nonresonant back-
ground for the KK reconstruction algorithm.
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4.1.2 Sensitivity
The sensitivity of MCARS spectrometers is a function of several factors including
spectrometer sensitivity and sample molecular concentration. Additional sample spe-
cific considerations such as the relative intensity of the resonant and nonresonant
contributions to the CARS signal also affect the sensitivity of the CARS/MCARS





where M is the number of binned pixels, Φ is the incident photon flux (photons/pixel/s),
η is the quantum efficiency (wavelength dependent), t is the integration time, D is the
dark current (e/pixel/s), and Nr is the read noise (e rms/pixel). Previously, I have an-
alyzed the SNR of the CCD spectrometer for a sample of PS and PMMA beads, and I
compared the SNR of the CCD detector under different A/D speed settings with those
of other available CCD spectrometers (Table 6 presents the specifications of the sim-
ulated CCD cameras) and a PMT [gain: 106, anode radiate sensitivity: 8x104, noise
figure (F): 1.3, and anode dark current: 1 nA] as shown in Figure 58 [85]. In this
figure, the solid portions of the lines represent the available integration times for each
detector, and the dashed lines represent a theoretical continuation of these lines if the
electronics allowed these speeds ceteris peribus. One can see that the CCD detectors
are theoretically more sensitive than the PMT with integration times below 100 µs–
this of course being a major drawback of CCD detectors is that they currently cannot
operate at these speeds. Looking at the currently implemented detector, one can see
that the low-speed A/D would have a significant SNR advantage over the high-speed
A/D due to the reduced read noise by a factor of 4, but at operable speeds, there is
little distinction between the two. As the system is going to be primarily used within
the flow cytometer, speed is a large consideration; thus, the high-speed A/D is the
typical setting with a 1 ms integration time.
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Table 6: Specifications used to simulate SNR versus integration time of various CCD
detectors (see Fig. 6): Newport InstaSpec X (low- and high-speed A/D settings)
(Newport Stratford, Inc., Stratford, CT), Andor DU970N-BV (Andor Technology plc,
Belfast, Ireland) , Princeton Instruments/Acton (PI/Acton) PIXIS:100F (Princeton
Instruments, Trenton, NJ). These performance specifications are typical numbers and






Binned Pixels 256 256 200 100
Readout Speed 100 kHz 2 MHz 2.5 MHz 2 MHz
Dark Current (e/p/s) 0.001 0.001 0.006 0.002
Read Noise (e/p/s) 6 24 8 12
Spectral Rate (/sec) 35 185 602 450






















Figure 58: SNR of a variety of detectors: Newport InstaSpec X (low- and high-speed
A/D settings [denoted ADC]), Andor DU970N-BV, PI/Acton PIXIS:100F, and a
generic PMT. The solid-line portion of each plot represents currently available speeds.
The dashed-portion of each plot is the calculated SNR if there were no hardware
restrictions on the integration time. The black horizontal line denotes where SNR =
0 dB. Reprinted from [85]. c� Optical Society of America.
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Another consideration of the CCD sensitivity is the pixel binning. As described
in Eq. 40, pixel binning can improve the SNR by tying neighboring pixels together;
thus, increasing the number of photons collected per pixel group. The trade-off from
binning is spectral resolution. To optimize and characterize the effects of pixel bin-
ning, I measured the MCARS spectrum from a sample of objective oil as a function
of integration time and binning (N.B., the CCD chip is always full-vertically binned;
thus, binning in this context implies along the horizontal/spectral axis). It should
be noted that in this context, integration times refers to the time between spectral
acquistions to best approximate the full window of time for which the CCD can ac-
cept charge. For example, as discussed in Section 3.4, a 1 ms integration time results
in an operating speed of 100 Hz; thus, for this characterization, I would denote the
integration time as 10 ms. The speed of spectral acquisitions was measured through
the “Logic Out” electrode of the CCD camera on an oscilloscope. The “Logic Out”
electrode generates a TTL signal that is in the high state during acquisitions. For
no pixel binning, the spectrum was measured for integration times longer than 100
ms. For the scenarios when pixel binning was used, however, the integration time
was limited by detector saturation; thus, for 8x binning, one could only integrate up
to 13.8 ms. Figure 59 shows the recorded SNR of the dominant CH-stretch peak
(∼2859 cm−1) and the theoretical SNR calculation. One can see that for no bin-
ning, the SNR calculation closely follows the experimentally measured data. The 4x
binning scenario experimentally demonstrates an SNR enhancement of 1-3 dB over
not binning, but the theoretical calculations indicate that the improvement should
be larger. The disparity between the theoretical calculations and experimental data
results from the fact that the individual MCARS spectral features contain a limited
bandwidth, but the theoretical calculation assumes that the photon flux is constant
over all pixels. This is to say that after the spectral coverage of the binned pixels
becomes larger than the width of the MCARS line shapes, there is only a reduction
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Figure 59: Experimentally measured (stars) and theoretically calculated (solid lines)
SNR as a function of integration time for the 2879 cm−1 (CH-stretch) peak of a
sample of objective oil for no [spectral] CCD binning (blue), 4x binning (red), and
8x binning (green). As the binning increases, the deviation between the theoretical
calculations and experimental measurements increases due to the finite bandwidth of
the CH-stretch peak. One can see that the SNR increase between 4x and 8x binning
is minimal (and the spectral resolution is decreased by a factor of 2); thus, I have
selected 4x binning for experimental use in the system to balance spectral resolution
and SNR.
in resolution and an increase in noise. This is demonstrated for the 8x binning case
in which the SNR is not greatly different from the 4x binning case and the difference
between the experimental results and the experimental calculation has expanded.
From these results, I find that 4x binning provides the best balance of resolution and
sensitivity at high speed. Figure 60 shows the SNR as a function of integration time
for the three dominant peaks of the MCARS spectrum. As shown in this figure, even
the relatively weak peaks demonstrate an SNR above 10 dB at minimum integration
times.
Beyond system considerations, sample composition also plays a critical role in
determining the MCARS response. As described in Chapter 2, the Raman response
is linearly proportional to the concentration of molecular scatterers, but the CARS
response is quadratically proportional; thus, the CARS signal is significantly stronger
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Figure 60: Experimentally measured (stars) and theoretically calculated (solid lines)
SNR as a function of integration time for the 2879 cm−1 (blue), 1576 cm−1 (red), and
1455 cm−1 (green) peaks of a sample of objective oil (4x binning).
for dense scatterers. To characterize the sensitivity of the MCARS spectrometer
to scatterer concentration, I analyzed two sample that represent relative extremes:
methanol as a representative small molecule, and canola oil that is representative of
the dense lipid scatterers found within cells. To characterize the system sensitivity
to each sample, several aliquots with various levels of dilution were prepared. The
MCARS spectra were recorded under flow cytometric conditions: high-speed A/D,
high gain, 4x pixel binning, and a 1 ms integration time (100 Hz). Additionally, the
MCARS spectra were processed with the KK reconstruction algorithm to remove the
effects of the NRB and to better linearize the intensity as a function of concentration.
For each experiment spectral features were selected and their KK reconstructed inten-
sity recorded for each concentration. The sensitivity was quantified by constructing
a linear regression from these points and finding where this regression fell below the
background level. The results of these experiments represent the only quantitative
sensitivity results for an MCARS microspectrometer.
The first experiment analyzed the system sensitivity to methanol. Methanol is
a small hydrocarbon representative of small molecule analytes that are miscible in
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aqueous media. For this experiment, the diluent was water, which primarily generates
NRB and has no actual overlapping Raman features with methanol. Figure 61(a)
shows the MCARS spectra of methanol (red) and water (blue). Figure 61(b) shows
the KK reconstructed spectra of methanol with the MCARS spectra of water used
to approximate the NRB. Although the NRB can be approximated in other fashions,
such as by measuring the MCARS spectra of glass– a commonly employed method,
using water, because it is the diluent, simplifies the sensitivity measurement as the
KK-reconstructed spectra contain only the contributions from the methanol. The
spectral feature from methanol used to monitor the sensitivity is the ∼2950cm−1
CH-stretch peak. I analyzed several aliquots of the methanol-water blend ranging
from 20% methanol to 1%. Figure 62 shows the spectral peak ratios as a function
of methanol concentration. Additionally, the figure plots a linear regression of the
data points and the measured background due to noise, which serves as the baseline.
From this figure, one can observe that the system is sensitive down to approximately
0.97% methanol, which equates with a molar concentration of 242 mM (the density
was measured to be ∼ 0.79 g/mL, and the molecular weight is 32.04 g/mol [a well-
characterized standard value]). A 1% solution of methanol was measured and the
spectral peak strength is approximately at the same level as the noise. With a ∼1
µm3 focal volume, this is approximately 1.46× 108 molecules.
The second experiment analyzed the system sensitivity to canola oil. Canola
oil is a vegetable oil that has a lipid content of almost exclusively triacylglycerides
(TAGs) [92], which are the dominant storage lipids in many organism cells (e.g.,
S. cerevisiae) [93, 94]. TAGS are not a single type of lipid, but rather a family of
lipids composed of an ester derived from glycerol and three fatty acids (the exact
combination of fatty acids specifies the exact type of TAG). Canola oil is predom-
inantly composed of TAGs derived from three unsaturated fatty acids: oleic acid
(48%), linoleic acid (32%), and linolenic acid (9.3%); although, at least 7 other fatty
92














































Figure 61: (a) The MCARS spectra of methanol (red) and water (blue). (b) The
KK reconstructed spectra of methanol with the MCARS spectra of water used to
approximate the NRB. For analysis, I selected the 2950cm−1 peak (arrow).

























Figure 62: Plot of the KK reconstructed peak at ∼2950.1cm−1 as a function of
analyte concentration (experimentally measured data: blue stars, linear regression:
red, background noise level: black). One can see the minimal methanol concentration
is ∼0.97%, which corresponds to a molar concentration of ∼242 mM.
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acids contribute [92]. The predominant saturated fatty acid is palmitic acid (7%).
Relevant to the expected MCARS spectrum, one expects to see a peak around 1600-
1650 cm−1, which is created by the C=C bond stretching. In order to quantify the
sensitivity of the system to the analyte, I needed to find a solvent that could dis-
solve all of the sample constituents. Alcohols, such as methanol, are used frequently
in the energy industry to selectively dissolve certain canola oil constituents (canola
oil is a prime candidate for the production of biodiesel). I found that acetone was
able to completely dissolve the canola oil without any noticeable traces of the ana-
lyte. To qualify the strength of the sample-of-interest, two points from within the
spectra were selected and compared their relative intensities. One of the points cor-
responds to a local maximum of the analyte, and the other point a local maximum
for the solvent. The NRB was approximated by the MCARS spectrum from a glass
coverslip– a common sample used for this purpose). Using acetone, however, presents
its own challenges for use as a solvent as its dominant Raman band overlaps with the
dominant Raman band of canola oil (as shown in Figure 63), acetone has a strong
Raman band at 2935 cm−1, which overlaps with the 2887 cm−1 peak of canola oil.
A somewhat better option is monitoring the peak at 1639 cm−1 of canola oil (C=C
stretch) and the 1692 cm−1 peak for acetone (C=O stretch). Although these peaks do
overlap, the spectral separation provides the necessary contrast. Figure 64 shows the
spectral peak ratios as a function of methanol concentration. Additionally, the figure
plots a linear regression of the data points and the ratio of these spectral locations for
Acetone. From this figure, one can see that the system is sensitive down to approx-
imately 4.61% canola oil, which equates with a molar concentration of 40 mM (the
density was measured to be 0.771 g/mL, and the molecular weight is assumed to be
876.6339 g/mol [92]). With a ∼1 µm3 focal volume, this is approximately 2.44× 107
molecules. In many circumstances, lipids do no dissolve within cells, but rather form
solid organelles [95–97]. Under this assumption, a spherical lipid inclusion would need
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a diameter of at least 0.44 µm. It should be noted that using the smaller peak at
1639 cm−1 demonstrates the sensitivity of the system to that peak. Detecting the
larger peak at 2935 cm−1 would demonstrate increased sensitivity. For methanol, the
sensitivity degradation between monitoring of its smaller peak at 1461 cm−1 and the
dominant peak is a factor of ∼25. This appears to be the same as the ratio between
the dominant CH-stretch peak and the smaller CH3-deformation peak, which was
measured to be ∼25. As the ratio of the dominant CH-stretch peak and the C=C
stretch peak is not as large (∼10), one expects an actual improvement in sensitivity
measuring the CH-stretch peak at 2935cm−1 of around a factor of 10. With this
improvement, the sensitivity would be ∼4 mM, which would reduce the measurable
diameter for a spherical inclusion to ∼44 nm.






















Figure 63: The KK reconstructed spectra of acetone (blue) and canola oil (red). For
analysis, I selected two spectral points (arrows) corresponding to spectral maxima of
the analyte and the solvent: the 1639 cm−1 C=C stretch peak of canola oil and the
1692 cm−1 C=O stretch peak of acetone.
In this subsection, I characterized the sensitivity of the MCARS spectroscopy
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Figure 64: Plot of the KK reconstructed peak ratios between the 1639 cm−1 peak of
canola oil and the 1692 cm−1 peak of acetone as a function of analyte concentration
(experimentally measured data: blue stars, linear regression: red). The ratio of these
peaks for the pure solvent is shown in black to identify the minimal levels of detection.
One can see the minimal canola oil concentration is ∼4.61%, which corresponds to a
molar concentration of 40 mM.
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subsystem based on sample composition and detector performance. I presented ev-
idence that this system is sensitive down to at least 40 mM (possibly below 4 mM)
for Canola Oil and ∼242 mM for methanol, representative large and small molecules,
respectively. For TAG lipid bodies, I estimate that the system can detect inclusions
with a diameter of ∼0.44 µm using the C=C stretch band; although, I believe us-
ing the CH-stretch band presents sensitivities to bodies of ∼40 nm. Additionally, I
presented the CCD spectrometer performance characteristics under a variety of con-
ditions. I conclude that the CCD spectrometer best performs at high-speed with a 4x
pixel binning as to maximize the signal collection, minimize the noise, and to main-
tain spectral resolution. Additionally, for strong signals, as is often the case for lipids,
the CCD spectrometer speed is limited by electronics hardware data transfer rates
and not by system sensitivity. This characterization indicates that MCARS flow cy-
tometry, ceteris peribus, could operate at speeds considerably faster than the 100 Hz
afforded by the current CCD hardware; although, for small molecules, concentrations
would need to be considerable.
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4.1.3 Characterization of Fluorescent Labels Effect on MCARS Flow Cy-
tometry
Coherent Raman techniques such as CARS and MCARS are powerful techniques for
the label-free analysis of sample constituents. Although MCARS is typically limited
by the available sources to 100’s of µM to mM concentrations, CARS microscopy
systems have demonstrated improved sensitivity by a factor of ∼50 [98]. Even with
these enhanced sensitivities, fluorescent labeling technology is undeniably strong for
low concentration molecular analysis. Immunofluorescent techniques, for example,
are capable of detecting a few hundred surface receptors [1] (although for intracellu-
lar analysis, the cell must be fixed as the antibody cannot cross the cell membrane).
With the specificity of antibodies, and the sensitivity of fluorescent techniques, im-
munofluorescent technology is not likely to be superseded by label-free techniques
anytime soon. As such, I wish to analyze the unique concept of using MCARS flow
cytometry in conjunction with fluorescence detection flow cytometry. To this end, I in-
vestigated the spectral response to fluorophores. Specifically, I analyzed the MCARS
spectra emanating from 4 different (and very commonly analyzed) fluorochromes:
5-carboxytetramethylrhodamine (5-TAMRA), sulforhodamine 101 (SR101), fluores-
cein, and nile blue. Figure 65 shows the absorption (a) and emission (b) profiles of
these four fluorochromes (data collected from [99]). It should be noted that these
emission and absorption profiles are for the fluorochromes dissolved in a particular
solvent (see caption). In all experiments, fluorochromes were suspended in DMSO,
which (approximately) does not contribute to the pH of the suspension; thus, it may
be assumed that the pH is ∼7 for all samples. Additionally, these experiments rep-
resent only the fluorophore response under MCARS excitation conditions; thus, the
fluorescent samples are not pumped with any signal other than the pump and Stokes
sources, as well as the anti-Stokes photons generated from the CARS process. In
many commercial flow cytometers, the excitation sources are focused individually
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along the sample flow path– not collinearly, as to provide a mechanism to isolate
the fluorescent emission from each laser source. In a combined MCARS and fluores-
cent flow cytometerm similar isolation techniques would be necessary to prevent the
pumped fluorescent signal from interfering with the MCARS spectrum.





































Figure 65: (a) The absorption profile of fluorescein [blue, solvent:
tris(hydroxymethyl)aminomethane) (THAM), pH:9], Nile Blue (red, solvent:
ethanol), 5-carboxytetramethylrhodamine (5-TAMRA) (green, solvent: methanol),
sulforhodamine 101, and nile blue [99].
SR101 is often used as a reactive dye that ionically binds to proteins [1]. In this
test, I analyzed a 1 mM sample of SR101 diluted in DMSO (R-14792, Molecular
Probes, Eugene, OR). Figure 66(a) shows the MCARS spectra of SR101 and DMSO
recorded under typical flow cytometric conditions. Additionally, Figure 66(b) shows
the KK-reconstructed spectrum using the signal from DMSO to approximate the
NRB. One can see no noticeable spectral features through the 1000-3200 cm−1 region.
One can detect, however, absorption of the primary peak at ∼2900cm−1 of DMSO,
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and there exists slight fluorescent emission in the wavelength region as indicated by
the CH-stretch peak reduction but a rise in neighboring spectral regions. Additionally,
there exists a stronger fluorescent emission, as shown in Figure 67, at around 622 nm,
which overlaps with the ∼3600 cm−1 of the Raman spectrum. As this sample is 1 mM,
and most application of SR101 use at least a 100 fold decrease in this concentration,
it is safe to assume that SR101 could be applied to samples of interest for MCARS
analysis without any significant influence.





























   









Figure 66: (a) MCARS spectra of SR101 (blue) and DMSO (red). The CH-stretch
peak is slightly reduced in the SR101 solution and there is slight fluorescent emission.
(b) KK reconstructed spectrum of SR101 using the MCARS spectrum of DMSO as
the NRB estimation. There exist no noticeable Raman spectral features other than
a reduction in the CH-stretch peak intensity.
Nile blue perchlorate is a positively charged phenoxazone that is used for lipid
staining (specifically, acidic lipid staining) [1, 100–102]. The spectral absorption and
emission maxima of nile blue in water is ∼627 and 663 nm, respectively [100]. Fig-
ure 68 shows the recorded MCARS spectra of a solution of Nile Blue in DMSO at
a variety of concentrations (relative to a 1 mM stock solution [R-14792, Molecular
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Figure 67: MCARS spectrum of SR101 1 mM solution with the spectrometer observ-
ing the spectral region corresponding to Raman energies of ∼1500-4500cm−1. The
SR101 solution generates a fluorescent signal centered at ∼3600cm−1, which corre-
sponds to 622 nm. This signal is spectrally removed from most Raman bands; thus,
its practical influence in MCARS spectroscopy is limited.
Probes, Eugene, OR]). Interestingly, one notices that Nile Blue absorbs a signifi-
cant portion of the spectrum between ∼2000 - 3200cm−1 at high concentrations and
there exists no noticeable MCARS component from the nile blue itself. Figure 69
demonstrates the reduction in the intensity of the CH-stretch band from DMSO at
∼2930cm−1 as a function of nile blue concentration. I have fit an exponential decay
(following the Beer-Lambert Law) profile to the data and found that the MCARS
spectrum is completely absorbed around an ∼80% concentration (∼800 µM). On
the other end of the spectrum, I find no noticeable reduction in the CH-stretch peak
intensity with nile blue concentrations below ∼0.05% (50 µM); although, with in-
creased pump and Stokes power the effect could increase as stronger absorption energy
would arise. With sensitivities this low, one needs to carefully consider the use of nile
blue staining prior to MCARS analysis. Although in DMSO, the absorptive property
was limited to >2000 cm−1, nile blue is very sensitive to the pH of its environment;
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thus, the absorption band could shift dramatically [100].

























Figure 68: MCARS spectra of a solution of Nile Blue in DMSO at a variety of
concentrations (relative to a 1 mM stock solution).
Fluorescein is one of the most common fluorophores (as well as its derivatives,
such as fluorescein isothiocyanate [FITC]) [1]. The maximum absorption and emission
wavelengths of fluorescein are approximately 491 and 514 nm, respectively (although,
there is also a strong absorption band below 300 nm as well). I analyzed a sample of 1
mM fluorescein and observed no noticeable spectral features in the MCARS spectrum
(see Figure 70. Under illumination from a halogen lamp, there was slight fluorescent
noticeable outside of the Raman spectral window (< 600 nm, corresponding to >
4200 cm−1 within the Raman viewable window). Observing these results, fluorescein
appears to be an ideal candidate for use with MCARS flow cytometry as the absorp-
tion and emission bands are well below the MCARS spectral window. Additionally,
many of the most common flow cytometry fluorochromes are derived from fluorescein,
such as fluorescein isothiocyanate (FITC); thus, further promoting this cooperative
use of MCARS and fluorescein-derived fluorochromes.
5-TAMRA (also known as TMRh or TMR) is a common fluorochrome for DNA
studies due to the ease of covalently attaching it to DNA [103, 104]. 5-TAMRA
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Figure 69: Measured MCARS peak intensity (blue, stars) for a solution of nile blue in
DMSO at various concentrations (relative to a 1 mM stock solution). An exponential
decay profile is fit to the data representing the absorption of photons as described
by the Beer-Lambert Law (red). The lowest detectable signal is identified by the
background signal level (black).
has absorption and emission maxima at approximately 553 and 576 nm, respectively
(at pH 7) [99]. I analyzed a sample of 1 mM 5-TAMRA under flow cytometric
conditions and observed no noticeable spectral peaks, as shown in Figure 71. The
peak intensity of DMSO was reduced by approximately 4% and the background (either
due to NRB or fluorescence) rose by> 65% above 3000cm−1. Additionally, there was a
slight increase of the background below ∼2775cm−1 by ∼8%. To observe the spectral
features that may arise from higher excitation powers, the pump and Stokes powers
were increased to their maximum (∼40 mW Stokes, 50 mW pump), as shown in
Figure 72 (often the pump and Stokes intensities are reduced to prevent photodamage
to certain, susceptible samples and/or to prevent CCD saturation, such as seen in
the figure). In this figure, there are no noticeable Raman-related features from the
fluorochrome; although, there is a noticeable increase in the background. Below
2775cm−1 the background increased by ∼8% and up to ∼65% beyond 3000cm−1.
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Figure 70: (a) MCARS spectra of fluorescein (blue) and DMSO (red). The MCARS
spectra are virtually identical; thus, there appears to be no contribution from the 1
mM solution of fluorescein in DMSO. (b) KK reconstructed spectrum of fluorescein
using the MCARS spectrum of DMSO as the NRB estimation. There exist no notice-
able Raman spectral features other than a reduction in the CH-stretch peak intensity
above the KK reconstruction noise.
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With this apparent linear rise in background level with the strength of the MCARS
spectral intensity, the fluorescence from 5-TAMRA at practical concentrations (< 100
µM) (as pumped from the CARS process) would likely not compete with the MCARS
spectrum. As such, 5-TAMRA appears to be a compatible label for use with MCARS.






































Figure 71: (a) MCARS spectra of 5-TAMRA (blue) and DMSO (red). The CH-
stretch peak is slightly reduced in the 5-TAMRA solution and there is slight fluo-
rescent emission. (b) KK reconstructed spectrum of 5-TAMRA using the MCARS
spectrum of DMSO as the NRB estimation. There exist no noticeable Raman spectral
features other than a reduction in the CH-stretch peak intensity.
The addition of MCARS spectroscopic information has the potential to revolu-
tionize flow cytometry by dramatically expanding the measurable molecular infor-
mation without the further addition of fluorescent labels. This addition of MCARS
spectroscopy, though, does not preclude the use of fluorescent labeling technology,
which has dramatically evolved over the last century. In flow cytometry, for example,
immunofluorescent techniques are capable of highlighting and targeting individual
105







































Figure 72: (a) MCARS spectra of 5-TAMRA (blue) and DMSO (red) with maxi-
mum excitation powers. The CH-stretch peak is slightly reduced in the 5-TAMRA
solution and there is slight fluorescent emission. (b) KK reconstructed spectrum of
5-TAMRA using the MCARS spectrum of DMSO as the NRB estimation. There
exist no noticeable Raman spectral features other than a reduction in the CH-stretch
peak intensity.
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surface antigens. This level of molecular specificity and sensitivity is not yet avail-
able with MCARS spectroscopy; therefore, to extract the most molecular information
in MCARS flow cytometry, will likely require the continued use of some fluorescent
labels.
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4.2 Elastic Scatter Platform
Elastic scatter measurements are used in flow cytometry to provide rough morpholog-
ical information. In cellular analyses, FSC measurements provide qualitative infor-
mation about cell size, and the SSC measurements provide insights into the internal
granularity. Deriving quantitative information, however, is a much more difficult task
as FSC and SSC are both affected by a number of factors including sample size, shape,
surface roughness, and index of refraction (of each cellular components). With this in
mind, I will characterize the performance of the elastic scatter module of the devel-
oped label-free flow cytometer and identify occasions in which quantitative analysis
may be achievable. To characterize the system, I will use polymer microspheres that
are often used as model cells.
The first analysis of the elastic scatter platform analyzes the effect of sample flow
rate on elastic scatter measurement. For this analysis, a suspension of polystyrene
beads with a 6µm diameter (Duke Standards 4206A, Thermo Scientific, Waltham,
MA) were injected into the flow cell with a 500 µL syringe and were analyzed at
various sample flow rates. At each flow rate, the FSC and SSC elastic scatter mea-
surements were recorded at 100 kHz. Figure 73 shows a recorded FSC and SSC
waveform for a flowing polymer bead. This figure labels many of the measurable
parameters that will be referenced through out this work. Figure 74 is a scatter plot
showing the measured SSC width (N.B., FSC width is the same as SSC width for
these solid particles) with respect to FSC. The sample flow rate was varied from 0.3
µL/min (6.266 mm/s) to 1.2 µL/min (25.07 mm/s). As shown in this figure, the
FSC remains the same regardless of flow rate, which is expected with the morphology
of the particles remaining the same through out the test. Although the FSC remains
constant, the SSC width decreases with increasing flow rate. Additionally, one can
see that the spread of the SSC width increases with decreasing sample flow rate. This
is not only due to the increasing elastic scatter resolution with flow rate reduction,
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but also the effects of optical force, friction between the particles and the bottom of
the flow channel (at slower speeds, the dense polymer spheres roll along the bottom
of the channel [as opposed to biological cells that tend to flow mid-channel]), and
the decay of the hydrodynamic focusing. Figure 75(a) compares the experimentally
measured mean SSC width (error bars show the standard deviation) with the theo-
retically calculated values as a function of sample flow rate. One can see that the
experimental data agrees well with the theoretical calculations, demonstrating the
inverse proportionality between SSC width and the sample stream flow rate (and
velocity). Figure 75(b) shows the experimental and theoretical results for the same
experiment over a larger range of flow rates: from 1.2 µL/min (25.07 mm/s) to 4
µL/min (83.55 mm/s). One can see the expected reduction of the SSC width and
the continued reduction of the standard deviation.






























Figure 73: FSC (blue) and SSC (red) waveform recorded from two amplified silicon
detectors. Arrows and labels identify various measurable parameters, such as FSC
and SSC, FSC and SSC amplitude, and FSC and SSC (width) (N.B.: in this example
SSC and FSC widths are the same; thus, the labeling of FSC width was neglected for
pictorial clarity).
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Figure 74: Experimental measurement of SSC width versus FSC for a polystyrene
bead suspension (6 µm diameter) fed into the flow cell at different volumetric rates.
Inset, close-up view of the measurement. As the volumetric flow rate of the sample
increases, the measured SSC width decreases.
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Figure 75: (a) SSC width versus sample flow rate for a 6 µm polystyrene bead as
measured experimentally (black stars with error bars denoting one standard devia-
tion) and calculated theoretically (blue) over the range of 0.2 - 1.4 µL/min. (b) (a)
SSC width versus sample flow rate for a 6 µm polystyrene bead as measured experi-
mentally (black stars with error bars denoting one standard deviation) and calculated
theoretically (blue) over the range of 1 - 5 µL/min.
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Although not directly related to the elastic scatter measurements, Figure 76 shows
the MCARS spectral SNR as a function of flow rate for the analysis presented in
Figure 75(a) (N.B., the data has been centered so that the SNR at 0.3 µL/min is 0).
In this figure, the experimental data and the theoretical calculations closely overlap.
Additionally, one sees that the SNR data more closely follows theory than the elastic
scatter data in Figure 75, which is due to the fact that the particles are much larger
than the focal volume; thus, with small deviations in space, the focal spot is still
completely within the solid particle. The elastic scatter, on the other hand, is probed
by a much larger cone of light– not just the focal volume; thus, the sensitivity is
heightened.
Figure 76: Experimentally measured (black stars with error bars denoting one stan-
dard deviation) and simulated (blue) SNR of the CH-stretch band of 6 µm polystyrene
beads as a function of sample volumetric flow rate. The SNR is relative to the actual
SNR at a flow rate of 0.3 µL/min.
Elastic scatter measurements provide a level of information about the size and
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internal complexity about the samples of interest. Although elastic scatter, especially
FSC, is related to the size of the sample, the relation is not linear and is convoluted by
other factors such as the indices of refraction (for every component of the sample) [1].
For example, calibrating a flow cytometer with polystyrene beads, will not help in
exactly sizing a biological sample, such as cells. As this characterization experiment,
however, uses the same beads throughout, the system can be calibrated to obtain
quantitative size measurements. Figure 77 presents the calculated diameters of the
flowing particles as a function of flow rate, with (a) covering a range of 0.3 - 1.2
µL/min, and (b) covering 1.2 - 4 µL/min. Prior to the experiment, the system was
calibrated with the same 6 µm beads flowing at 0.12 µL/min. In general, the sizing
information has a smaller standard deviation at slower speeds as each temporal unit
in the elastic scatter measurements corresponds to a smaller and smaller fraction
of the size of the particle. At speeds below 0.7 µL/min, however, one can see the
aforementioned combination of optical forces, cell-surface friction, and the reduction
in the hydrodynamic focusing effect resulting in an over-estimate in the particle size
(i.e., the particle is traveling slower than expected). At higher speeds, as shown in
Figure 77, the mean diameter estimate is more stable, but the standard deviation
increases with the flow rate increase (as each temporal bin corresponds to a larger
fraction of the particle size).
To further characterize the sizing capabilities of the MCARS flow cytometer, I
analyzed a suspensions of 6, 7, and 8 µm diameter beads back-to-back with no system
alterations between samples. The particles were injected into the flow cytometer at
0.7 µm/min (∼14.62 mm/s). Figure 79(a) shows the SSC amplitude as a function
of FSC amplitude for the suspension. One can see that each sample size creates a
well defined subpopulation. If the particles are sized based on system calibration
with a separate suspension of 6 µm diameter beads, as shown in Figure 79(b), one
can see that the sizes are underestimated for beads other than the 6 µm sample.
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Figure 77: (a) Calculated diameter as a function of flow rate for 6 µm polystyrene
beads corresponding to the experimental data shown in Figure 75(a) with the error-
bars indicating one standard deviation. One can see that as the sample stream slows,
the effects of optical trapping and surface friction become more pronounced; thus,
slowing the particles and increasing the calculated diameter. (b) Calculated diameter
as a function of flow rate for the experimental data shown in Figure 75(b) with the
errorbars indicating one standard deviation. One can see that as the sample stream
flow rate increases, the mean calculated diameter remains nearly correct, but the error
increases due to the limited temporal resolution of the elastic scatter measurement.
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If, however, the system is calibrated without the assumption that each time pixel,
as recorded by the elastic scatter platform, is a constant value of time, improved
sizing is obtained as shown in Figure 80(a). In this figure, I have also included a 9
µm diameter PS particle (not used for calibration). To calibrate the system in this
manner, three suspensions of particles (6, 7, and 8 µm diameters) were analyzed,
and a linear function was fitted to the measured SSC width as a function of particle
size. For comparison, I calibrated the system sizing based on FSC amplitude and
compared the sizing data for 6, 7, 8, and 9 µm PS beads as shown in Figure 80(b).
Using FSC amplitude presents much more reliable information and more isolation
between histogram peaks. To qualify the difference between the FSC amplitude-based
sizing and the elastic scatter width characterization, I simulated the elastic scatter
generation (normalized intensity of the scattered field) for an 8 µm particle flowing in
the +x-direction as a function of y-offset as shown in Figure 78(a) and (b). One can
see that with slight deviations from the focus, the width between elastic scatter peaks
can be dramatically affected, whereas the FSC is the same for y-offsets less than ∼3
µm (i.e., 75% of the diameter). From these results, the traditional rule that FSC is a
truly poor indicator of size appears to be relaxed for a focused beam flow cytometer.
For comparison, I ran the 6, 7, 8, and 9 µm PS particles through a commercial flow
cytometer. Figure 81(a) shows the SSC amplitude versus FSC amplitude. One notices
that as size increases from 6 to 8 µm diameters, the FSC increases, but interestingly at
9 µm, the FSC drops again. Repeated tests demonstrated the same features. Similar
to the calibration of the FSC amplitude with the MCARS flow cytometer, I calibrated
the commercial flow cytometer FSC strength as a function of size for the 6, 7, and
8 µm particles. Figure 81(b) shows the normalized histogram of sizing information.
Additionally, I performed the same sizing analysis using the FSC-width (FSC-W)
(i.e., time-of-flight) measurement with the commercial flow cytometer as shown in
Figure 82(a) and (b). Although the FSC-W should indicate particle diameter based
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on the width of the FSC signal, one can see that the sizing is even less accurate
that using FSC amplitude (often, FSC-W is used in biological analysis to gate out
aggregated samples). In comparison, the MCARS flow cytometer sizing based on
FSC amplitude is more indicative of cell size than that taken with the commercial
flow cytometer due to the focused excitation beams (focused beam flow cytometry is
sometimes referred to as “slit-scanning”), which is known under certain conditions to
provide enhanced morphological analysis [105, 106]).
Figure 78: (a) Normalized scatter field intensity as a function of x-offset and y-offset
for an 8 µm diameter particle. The elastic scatter waveform (FSC) is determined
by following a fixed y-offset as a function of x-offset, as the x-offset is the simulated
direction of propagation. (b) Intensity map of the elastic scatter (FSC) as a function
of x-offset and y-offset. This plot is the same as (a) viewed from above.
As previously mentioned, numerous parameters beyond particle size affect the
strength of the elastic scatter measurements. To demonstrate these effects, I analyzed
a suspension of 6 µm PS beads and 5 µm PMMA beads with a commercial flow
cytometer as well as with the label-free flow cytometer. Figure 83(a) and (b) shows
the scatter plots of SSC versus FSC taken on the commercial system and the label-free
flow cytometer, respectively. One can see that with the commercial flow cytometer
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Figure 79: (a) Scatter plot of SSC amplitude versus FSC amplitude for 6, 7, and 8
µm PS beads recorded with the MCARS flow cytometer. (b) Histogram of calculated
particle size based on SSC width calculations.
the FSC of the PMMA is significantly larger than for the PS beads even though
the PMMA bead is smaller. With the MCARS flow cytometer, however, the FSC is
smaller for the PMMA bead. Using the same calibration as previously described (i.e.,
calibrating based on the FSC amplitude for 6, 7, and 8 µm PS beads), I calculated
the particle diameters based on FSC strength as shown in Figure 84(a) and (b). One
can see that, again, the MCARS flow cytometer is more accurate for characterizing
particle size than the commercial flow cytometer.
Although the MCARS flow cytometer has demonstrated the ability to analyze
flowing particles and produce approximate particle size based on time-of-flight mea-
surements (SSC width or FSC width) and FSC amplitude. The demonstrated particle
analyses thus far have focused on cell-sized polymer beads. When analyzing small
particles, however, another optical effect may affect certain analysis parameters: op-
tical trapping forces [27,107]. Figure 85 shows representative FSC waveforms for 1.6
µm particles at different flow rates (N.B., these particles are sold as 1.6 µm particles,
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Figure 80: (a) Histograms of calculated particle size based on SSC width calculations
for 6, 7, 8, and 9 µm PS beads. (b) Histograms of calculated particle sizes based on
FSC amplitude measurements. The system was calibrated in both (a) and (b) using

























































Figure 81: (a) Scatter plot of SSC amplitude versus FSC amplitude for 6, 7, 8,
and 9 µm PS beads recorded with a commercial flow cytometer. (b) Histogram of
calculated particle size based on FSC amplitude. The system was calibrated using
measurements for the 6, 7, and 8 µm diameter particles.
Figure 82: (a) Scatter plot of FSC width (FSC-W) as a function of FSC amplitude
(FSC-A) (typically, FSC-A is synonymous with FSC). (b) Histogram of particle size
















































Figure 83: Scatter plots of SSC versus FSC taken on the commercial system (a) and
the label-free flow cytometer (b).
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Figure 84: Histograms of calculated particle sizes based on FSC amplitude mea-
surements for the commercial flow cytometer (a) and the MCARS flow cytometer
(b).
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but the actual size is 1.587 µm). The FSC amplitude is nearly the same at all veloc-
ities (3.5 V, which corresponds to ∼1.9µm), but the FSC and SSC waveforms form
a single peak with an elongated tail for speeds below ∼20.89 mm/s with the current
system settings (increasing or decreasing the pump and Stokes power will increase or
decrease this velocity, respectively). Under these conditions, the previous description
of FSC width and SSC width are no longer valid, and FSC amplitude is the only
parameter to calibrate the particle size.




















Figure 85: FSC waveforms of 1.6µm PS beads flowing at 0.2 (blue), 0.4 (red), 0.7
(green), 1.0 (magenta), 1.5 (orange), and 2.0 (black) µL/min.
In this section, I demonstrated the effect of flow rate on scatter measurement
performance. Additionally, I demonstrated particle sizing based on SSC/FSC width
and FSC amplitude for a variety of particle sizes and different compositions. It was
demonstrated that under current operating conditions, FSC amplitude is the most
accurate method of calculating sample size. Additionally, I demonstrated that the
MCARS flow cytometer focused-beam geometry improves particle sizing capabilities
over traditional flow cytometry when properly calibrated.
121
4.3 MCARS Flow Cytometer
Although most of the characteristics of the MCARS label-free flow cytometer are
derived from the previously described performance of the elastic scatter platform
and the MCARS microspectrometer subsystem, under flow cytometric operation, the
SNR is both a function of the strength of the scatterer and of the strength of the
background. The developed MCARS flow cytometer uses a shutterless spectrometer
to record the MCARS spectra; thus, photons are collected regardless of whether a
particle is present. Additionally, the spectrometer operates at a constant acquisition
rate (typically, 100 spectra/s); thus, spectra are recorded over a fixed window. To
model these conditions, I will describe the SNR of the MCARS flow cytometer as:
SNR =
φsηMts�
[φsts + φBG(T − ts)]ηM +DMT +N2r
, (41)
where ts is the sample transit time; T is integration time; φs and φBG are the photon
flux of the CARS process and the aqueous background, respectively; and η, M, D,
and Nr are the CCD quantum efficiency, pixel binning, dark current, and read noise,
respectively. It should be noted that the actual model incorporates the pulsed nature
of the laser sources. The ultrafast laser in the system generates ∼125 fs (which are
dispersed to ∼322 fs after spectral filtering) at a repetition rate of 86 MHz. At this
repetition rate, the pulses are separated by ∼12 ns. The relaxation time for the
typical Raman transition is less than 1 ps; thus, the recorded MCARS spectrum
is an average of the anti-Stokes photons generated over the number of excitation
pulses within the integration window (e.g., over 1 ms there are 86,000 excitation
pulses). Under these conditions and with relatively long integration times relative
to the 12 ns pulse separation, it is entirely unnecessary to account for the pulsed
nature of the sources. Figure 86(a) plots the SNR as a function of flow rate (500 µm
sample syringe) for four different ratios of sample and aqueous background photon
fluxes. For example, the CH-stretch peak of neat methanol (discussed in Section
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4.1) is approximately 80 times larger than the response of the aqueous background
at 2930 cm−1 (due to the NRB). Canola oil is greater than 120 times larger. The
solid line represent the model presented in Eq. 41, and the dashed lines represent the
ideal scenario in which the spectrometer only records photons during the transit time
of the particle. Figure 86(b) plots the difference in the SNR between the realistic
SNR and the ideal SNR (ΔSNR) for each of the photonic flux ratios. One can see
that at smaller flow rates, the ΔSNR approaches 0. This intuitively makes sense as
the portion of time in which the spectrometer records any signal from the aqueous
background approaches 0. Additionally, one can see that for strong scatterers (relative
to the aqueous background), the SNR loss is significantly less than for weak scatterers.
This effect is amplified as the flow rate increases. In practical terms, this effect more
greatly influences the sensitivity of the MCARS flow cytometer to weak scatterers,
such as the dilute molecules within cells. For large, strong scatterers, such as lipid
vacuoles, this effect is relatively small (less than 5 dB, even at high flow rates).
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Figure 86: (a) SNR versus sample flow rate (500 µL sample syringe) under different
ratios of the photon flux of the sample (φs) to background photons from the water
(φBG). Solid lines are calculated using Eq. 41 that incorporates the photons collected
during each spectral acquisition from the sample and the background. Dashed lines
demonstrate the ideal scenario in which the spectrometer is triggered to record only
during the presence of a sample and a shutter is used to prevent photon accumulation
when no particles are present. (b) Plot demonstrating the difference (ΔSNR) between
the ideal SNR and the SNR of the shutterless, untriggered spectrometer.
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CHAPTER 5
APPLICATIONS OF LABEL-FREE FLOW CYTOMETRY
MCARS flow cytometry offers the first label-free mechanism to optically analyze the
molecular content of flowing particles at high-speed. During the development of the
system, I analyzed several different systems ranging from polymer bead assays to a
variety of species and strains of yeasts. In the first section, I will describe the appli-
cation of label-free flow cytometry to the analysis of polymer beads, which are often
used as model systems, calibration standards, and for bead assays in flow cytome-
try. In the second section, I will describe the analysis of the diatom Phaeodactylum
tricornutum a diatom that is fluorescent even under NIR excitation; thus, making
its analysis with traditional Raman spectroscopy and flow cytometry challenging. In
the final section, I will describe examinations of various strains and cultures of Sac-
charomyces cerevisiae, a yeast often used as a model system for higher eukaryotic
organisms, including humans.
5.1 Analysis of Polymer Beads
Polymer beads are a tool often used in microscopy and flow cytometry as model
systems, bead assays, and calibration standards. One of the first proof-of-principle
demonstrations of MCARS flow cytometry analyzed a suspension of 5 µm PS and 5
µm PMMA beads [85]. This test injected the beads slowly (∼185 µm/s [as measured])
into a glass microfluidic chip (50 µm width, 20 µm depth), and the fluidic chip
inputs were organized to induce hydrodynamic herding along the side wall. With
this integration time and the additional data transfer time, the CCD spectrometer
captured each particle with approximately 3 spectra. The MCARS spectra were
recorded at 100 Hz, and no gating was applied; thus, all spectra (water and beads)
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were recorded. Figure 87(a) shows a typical time-stack that captures the MCARS
spectra of PS, PMMA, and the broad spectrum of water. Figure 87(b) and (c) shows


































































Figure 87: (a) Time-stack MCARS spectra of polystyrene and PMMA beads flowing
at approximately 185 µm/s. The pump and Stokes source powers were approximately
38 and 8 mW, respectively. Example MCARS spectrum of (b) PMMA and (c) PS
taken from this time-stack, respectively. (d) Classification of spectra using PCA:
green = PMMA, red = PS, blue = water, black = signal below minimum. (e) Particle
centers determined by local maxima of spectral intensities. Figure adapted from [85].
To classify the spectra in real-time, a principle component analysis (PCA) tool
was developed in MATLAB. PCA is an eigenvalue technique that reduces the number
of independent variables by combining variables of high variance that are correlated
(in this case spectral features) into eigenvectors (principle components) [108]. This
operation condenses a large number of correlated variables into a few independent
variables. For application to MCARS flow cytometry, this technique is valuable as
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it requires no training sets and is computationally fast. Figure 88 shows the prin-
ciple components of the spectra recorded in Figure 87(a). Figure 87(d) shows the
classification of the particles versus time. Because the beads were purposely propa-
gated slowly through the flow cell resulting in approximately 3 spectra per bead, the
spectral intensities were analyzed to find the maximum intensity that approximately
corresponded to the bead centers. Figure 87(e) isolates the individual bead centers.
Figure 88: PCA Analysis of spectra in Figure 87(a). The PCA tool, developed in
MATLAB, isolates the spectral differences between the samples and allows for easy
clustering.
Since this first demonstration of MCARS flow cytometry, the label-free flow cy-
tometer system has greatly evolved with improved optics, fluidics, and electronics.
The current system can record flowing polymer beads at speeds greater than 10
mm/s with approximately the same SNR as presented in [85]. Additionally, the
newest iteration of the MCARS flow cytometer records MCARS spectra spanning
nearly 2000 cm−1, which provides not just the relevant molecular information in the
methyl-stretch region but also into the “finger print” region of the Raman vibrational
energy levels, which is more unique to each molecule. Additionally, the elastic scatter
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measurements provides a new complex layer of information to asses the morphological
features of flowing samples.
To demonstrate the application of the MCARS flow cytometer to isolating polymer
beads (such as would be necessary in a bead assay), I analyzed a suspension of 9,
8, 7, 6, and 1.6 µm PS beads and 5 µm PMMA beads. The suspension was fed
into the flow cell with a 500 µL syringe and injected at a flow rate of 0.7 µL/min
(∼14.62 mm/s). The MCARS spectra were recorded at 100 Hz, and the FSC and SSC
recorded at 100 kHz. The software gating was set to only record spectra for particles
that had an elastic scatter profile (FSC and SSC) over the baseline voltage (below a
threshold for FSC) and a KK-reconstruction above a given threshold. Figure 89 is a
scatter plot of the SSC amplitude as a function of FSC amplitude for the suspension.
One can clearly see that each particle size creates a defined subpopulation as the FSC
amplitude varies with particle size (more clearly with the focused-beam architecture
than with traditional flow cytometers as discussed in Section 4.2). The subpopulations
were defined and the color coding applied using a variety of parameters such as
FSC amplitude, SSC amplitude, maximum spectral wavenumber (to separate PS and
PMMA), and maximum spectral peak. For example, Figure 90 demonstrates the
isolation of the 1.6 µm beads from particles with similar FSC amplitude value based
on KK-reconstructed spectra maximum peak intensity. With the subpopulations
defined, the KK-reconstructed spectra for the six particles are shown in Figure 91
(mean spectra collected during the experiment). As expected, the intensity of the
spectrum diminishes as the particle size decreases. Additionally, one can clearly
identify spectral peak down to ∼1000cm−1.
Beyond isolating the individual subpopulations, I also characterized the sizes of
the flowing particles. I calibrated the system prior to the analysis of the suspension
with suspension of 6, 7, and 8 µm particles (as described in Section 4.2). Figure 92(a)
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shows the histogram of the sizing data for the raw data collected for the entire sus-
pension. Figure 92(b) shows the histogram of the sizing data for the subpopulations
identified by various spectral and elastic scatter metrics. One can see relatively accu-
rate sizing for the cell-sized particles (these particles are also close to and encompass
the size of the calibration standards). For the smallest particles in this suspension,
the calibration underestimates the size. For comparison, I analyzed the same beads
used in this experiment on a commercial flow cytometer (each bead size was analyzed
separately, but no system alterations were performed) as shown in Figure 93(a). The
commercial flow cytometer records increasing FSC amplitudes as the particle sizes
increase until the 9 µm particle, which has an unexpectedly low FSC amplitude. Ad-
ditionally, the PMMA beads demonstrate a significantly higher FSC amplitude than
expected (based on just size), which is stronger than that from 8 and 9 µm PS beads.
Using the calibration method for FSC amplitude described in Section 4.2, I calcu-
lated the sizes for the different particles as shown in Figure 93(b). One can clearly
see relatively accurate sizing data for the particles nearest the calibration standards
and for the 1.6 µm beads. For the 9 µm particles and the PMMA beads, the sizing
information is off by ∼9% and ∼28%, respectively. By contrast the MCARS flow
cytometer is within 2% for the 9 µm PS beads and within 4.5 % for the PMMA
beads. A summary of the sizing measurements for the MCARS flow cytometer and
the commercial flow cytometer is presented in Table 7. In general, the FSC amplitude
measurements collected from the MCARS flow cytometer generate size measurements
within 5% of the actual particle size– three of the samples are within 1%. The ob-
vious exception is for the smallest particle in which the limited sample set, optical
trapping that can perturb the measurement, and the small particle size that leads to
large fluctuations possible due to lateral and vertical deviations from the focal volume
generated significant error. In comparison with the commercial flow cytometer, the
MCARS flow cytometer produces more accurate data for all samples excluding the
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1.6 µm PS bead (the commercial flow cytometer has a more accurate mode size, but
the system records multiple subpopulations of these beads) and the 8 µm PS bead
(in which they are tied).
Figure 89: Scatter plot of SSC amplitude versus FSC amplitude for a suspension
of 9 (blue), 8 (red), 7 (green), 6 (magenta), and 1.6 (yellow) µm diameter PS beads
and 5 µm PMMA beads (cyan). The color coding was assigned based on parameters
such as FSC, SSC, maximum MCARS spectral peak number, and maximum MCARS
spectral peak intensity. Unassigned beads are colored black.
Beyond solid polymer beads, I also analyzed a suspension of “pink” PS beads (6
µm diameter) (FP-6058-2 , Spherotech Inc., Lake Forest, IL), and nile red PS beads
(10.2 µm) (FP-10056-2, Spherotech Inc., Lake Forest, IL), along with nonfluorescent
PS beads (6 µm diameter) (4206A, Duke Scientific, Waltham, MA) for comparison.
These fluorescent beads are fabricated by polymerizing the fluorochrome in styrene
around a PS core or by staining a PS bead. The KK reconstructed spectra are shown
in Figure 94. In the presence of the strong CARS response of PS or from the limited
concentration of the dye molecules within the focal volume, the signal generated from
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Figure 90: Scatter plot of KK-reconstructed maximum spectral intensity as a func-
tion of FSC amplitude and SSC amplitude for a suspension of 9 (blue), 8 (red), 7
(green), 6 (magenta), and 1.6 (yellow) µm diameter PS beads and 5 µm PMMA beads
(cyan). The color coding was assigned based on parameters such as FSC, SSC, maxi-
mum MCARS spectral peak number, and maximum MCARS spectral peak intensity.
Unassigned beads are colored black.
Table 7: Table of polymer bead sizes (listed size and actual size [if supplied by
manufacturer]) and the calculated sizes (and standard deviation, σ) using the MCARS
flow cytometer and a commercial flow cytometer. Calibration was performed with a
sample of 6, 7, and 8 µm PS beads (as described in Section 4.2).
Particle/Actual (µm) MCARS FC Size (µ) Error (%) FC Size (µm) Error (%)
9/8.956 8.65 -1.74 7.52 -8.72
8/7.979 8.00 0 8.00 0
7/6.982 7.02 0.27 6.51 -3.50
6/6.007 5.97 -0.31 5.27 6.54
5 4.58 -4.38 8.84 27.75
1.6/1.587 0.78 -34.09 1.75 4.88
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Figure 91: KK-reconstructed spectral for a suspension of 9 (blue), 8 (red), 7 (green),
6 (magenta), and 1.6 (yellow) µm diameter PS beads and 5 µm PMMA beads (cyan).
both beads did not show appreciable difference from a solid PS bead.
In this section, I demonstrated the capability of the MCARS flow cytometer to an-
alyze suspensions of polymer beads with different size and composition. Additionally,
sizing approximations based on the FSC amplitude demonstrated improved perfor-
mance compared with FSC amplitude measurements taken with a commercial flow
cytometer. Additionally, the MCARS flow cytometer was able to distinguish PS and
PMMA beads based on molecular composition. Using an even larger variety of beads
with differing sizes and compositions (e.g., nylon and silica), this system provides a
label-free mechanism to distinguish particles with potential use for bead assays.
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Figure 92: (a) Histogram of sizing information based on FSC amplitude for all data
collected. The system was calibrated with a separate suspension of 6, 7, and 8 µm PS
beads (the same calibration used in Section 4.2). (b) Histogram of sizing information
based on FSC amplitude for a suspension of 9 (blue), 8 (red), 7 (green), 6 (magenta),
and 1.6 (yellow) µm diameter PS beads and 5 µm PMMA beads (cyan).
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Figure 93: (a) Scatter plot of SSC as a function of FSC for suspensions of 9 (blue),
8 (red), 7 (green), 6 (magenta), and 1.6 (yellow) µm diameter PS beads and 5 µm
PMMA beads (cyan). (b) Normalized histogram of calculated particle sizes based on
the calibration method described in Section 4.2.




























Figure 94: KK reconstructed spectra of 6 µm diameter nonfluorescent polystyrene
(blue), 6 µm “pink” PS beads, and 10.2 µm PS beads with nile red
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5.2 Phaeodactylum tricornutum
Algae are potentially an excellent vehicle for bio-fuel production [109–112]. Currently,
bioethanol is primarily produced from corn and sugar cane; however, algae are also
a particularly adept microorganism as they are capable of storing up to 50% of their
biomass in the form of high energy compounds, such as neutral triacylglycerides
(TAGs) [109]. Additionally, algae have many advantages over traditional land plants
such as they can be grown on non-arable lands in saline or salt water, and they can
be harvested year round.
One particular algae of interest in the diatom Phaeodactylum tricornutum. This
pennate diatom has the unique feature that it is not encased in an amorphous silica
frustule; thus, for growth these diatoms do not require silicic acid, which is beneficial
for large scale growth. Additionally, the genetic sequence of these algae is known
and many pathways of genetic manipulation are well understood [113,114]. These di-
atoms represent a challenge to analyze as many varieties of diatoms brightly fluoresce
(even under near-infrared [NIR] excitation). This fluorescence can obscure measure-
ments taken with flow cytometers (see Figure 95) and microRaman spectrometers
(see Figure 96).
For this research, I applied the system to two cultures of diatoms in order to
observe differences between cultures based on their nitrogen health. Diatoms grown
in low nitrate conditions (150 µM KNO3) are expected to generate large amounts
of storage lipid vesicles, and diatoms grown under high nitrate conditions (1.5 mM
KNO3) should not produce storage lipids in any large amount. Figure 97 is a fluo-
rescence microscopy image of Nile Red stained diatoms under high (a) and low (b)
nitrate conditions. In Figure 97(a), one can observe the lack of any noticeable lipid
vesicles (which would show as bright yellow orbs) but rather a pronounced chloroplast
(large orange organelle). In Figure 97(b), on the other hand, one can clearly discern













































Figure 95: (a) Scatter plot of fluorescence versus FSC for healthy diatoms (blue) and
nitrogen-starved diatoms (red) that are unprepared. (b) Scatter plot of fluorescence
versus FSC for healthy diatoms (blue) and nitrogen-starved diatoms (red) that are
stained with a Nile Red, a hydrophobic fluorophore that aggregates near lipids.
In this experiment, the diatoms were injected into the system at 0.2 µL/min
(∼2.153 mm/s) with a 1 mL syringe. The MCARS spectra were recorded at 100 Hz,
and the FSC was recorded at 10 kHz. In this experiment, I acquired data for 1000
cells from each culture. Figure 98 shows the histogram of recorded FSC amplitude.
In this histogram, one can vaguely see that the healthy diatoms produce, on average,
a slightly larger FSC amplitude than the nitrogen starved diatoms. Analysis of the
raw data reveals that the healthy diatoms average FSC amplitude is ∼9% larger than
for the nitrogen starved. This qualitatively agrees with flow cytometric analysis that
shows a larger FSC for healthy diatoms (see Figure 95).
Figure 99 is a scatter plot showing the peak MCARS amplitude as a function
of MCARS peak wavenumber. The results clearly separate the populations of the
diatoms grown under high nitrogen (healthy) from those with reduced nitrogen. The
healthy diatoms form two subpopulations: one with a dominant peak ∼2200 cm−1
(referenced as subpopulation 2), and another subpopulation centered around 2850
cm−1 (referenced as subpopulation 1). Further analysis shows spectral shifts of the
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Figure 96: Raman spectra (collected on a microRaman system) of the diatom P.
tricornutum grown under adequate (blue) and low nitrogen levels (red) (N.B., the
spectrum from the low nitrogen growth culture is multiplied by a factor of 100 for
graphical clarity). Due to the expansion of the chloroplast organelle, which contains
numerous lipids and fatty acids, such as chlorophyll a, the spectrum obtains from the
nitrogen healthy diatom demonstrates a tremendous fluorescence that obscures the
Raman spectrum. The chloroplast of the nitrogen-starved diatom is much reduced in
size and content; additionally, under low nitrogen conditions, algae generate a large




Figure 97: (a) Fluorescence micrograph of healthy algae grown under nominal ni-
trogen conditions. The large orange structure is the chloroplast. (b) Fluorescence
micrograph of algae starved of nitrogen during growth. The yellow spheres are lipid
droplets that have formed during growth.
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Figure 98: Histogram of the healthy (blue) and nitrogen-limited (red) FSC ampli-
tude.
dominant methyl-stretch region peaks depending on the nutritional state (see Fig-
ure 99, inset, for representative spectra of the individual diatoms as taken from the
same data set). These results may indicate an expansion of the size and density
of the chloroplast, which is full of lipid-rich pigments, such as chlorophyll a, and a
reduction of the triglycerides found within the storage lipids under nitrogen-starved
conditions. Interestingly, the healthy diatoms exhibit large spectral features within
the Raman “silent region” (∼2000 - 2600 cm−1) that may be due to NIR excitation
enhancement that chlorophyll a and beta-carotene are known to possess [115, 116].
Figure 100 shows the mean KK-reconstructed Raman spectra for the healthy culture
subpopulations and the nitrogen starved population. Subpopulation 1 and the nitro-
gen starved spectra are similar with a dominant CH-stretch peak around 2930 cm−1.
Subpopulation 1 also presents a strong peak at ∼1528 cm−1, which may correspond
to the C-C vibration within chlorophyll a [116]. The nitrogen starved population,
contains a similar peak but at 1520 cm−1, which may be generated from the C=C vi-
brational band of beta-carotene, whose relative strength over the bands of chlorophyll
a is indicative of a nitrogen starved algal population [116].
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Figure 99: Scatter plot of MCARS peak amplitudes versus spectral location for
healthy (red) and nitrogen starved (blue) diatoms. Inset, spectrum of an individ-
ual healthy diatom (red), a nitrogen starved diatom (blue), and the spectrum of a
healthy diatom collected under a commercial microRaman spectrometer. The micro-
Raman spectrum shows that the healthy diatom produces a tremendous amount of
fluorescence that completely obscures the Raman bands.
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Figure 100: KK-reconstructed Raman spectra for the health culture subpopulations
(blue solid and blue dashed) and the nitrogen starved population (red). Subpopula-
tion 1 and the nitrogen starved spectra are similar with a dominant CH-stretch peak
around 2930cm−1. Subpopulation 1 also presents a strong peak at ∼1528cm−1, which
may correspond to the C-C vibration within chlorophyll a. The nitrogen starved pop-
ulation, contains a similar peak but at 1520cm−1, which may be generated from the
C=C vibrational band of beta-carotene, whose relative strength over the bands of
chlorophyll a is indicative of a nitrogen starved algal population.
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In this experiment, I targeted two cultures of the diatom P. tricornutum with the
desire to quickly inspect the MCARS (and KK-reconstructed) spectra and to observe
the spectral differences between the two. Under these growth conditions (i.e., nitro-
gen control), it may be possible to ascertain the TAG content indirectly by observing
the strength of the MCARS or KK reconstructed spectra within the silent region as
the dominant contributor to this is assumed to be from chlorophyll a. Quantitative
analysis, however, is more difficult due to the contribution of the NIR excitation.
Additionally, under different growth conditions, the coupling between chlorophyll a
production and nitrate supply may have a different relation. An alternative route
to monitor the TAG production in diatoms is through monitoring other bands over
a larger spectral bandwidth. Heraud, et al., for example, showed a statistical differ-
ence in the 1157cm−1 beta-carotene CH-deformation and the 1325cm−1 chlorophyll a
CH-deformation band intensities depending on nitrogen availability to the chlorophyte
algae Dunaliella tertiolecta [116]. Their results, however, demonstrate a stronger abil-
ity to differentiate cells rather than to quantify TAG composition. With improved
spectral bandwidth (N.B., the current MCARS system is now capable of monitoring
down to ∼1000cm−1) and improved excitation sources (for improved spectral resolu-




Yeasts are unicellular fungi that are used for a broad range of purposes ranging
from biofuel production [117] to modeling human diseases [94]. These tiny organisms
have been used for thousands of years (sometimes unknowingly) for such purposes
as leavening bread and fermentation. In biological research, yeasts are often used as
model organisms with a variety of benefits such as their ease of genetic manipulation
and fast growth cycle. In my research, specifically, I predominantly work with the
budding yeast Saccharomyces cerevisiae. S. cerevisiae is a particularly important
yeast for biological research as it was the first eukaryote to have its entire genome
sequenced and it contains many homologs to higher eukaryotic organisms, including
humans [118]. One particular homolog is the triacylglyceride lypolysis pathway [93,
94]. Understanding the physiology behind this pathway and other related pathways
is of great importance as the metabolism of lipids is connected to many diseases
and undesirable conditions such as obesity, diabetes, atherosclerosis, and lysosomal
storage disorders (LSDs) (e.g., Tay-Sachs disease and Gaucher disease) [96, 97, 119,
120].
For the first analysis of S. cerevisae, I analyzed the morphological and chemical
composition (primarily lipid-rich organelles) of intrapopulation cells [87]. I prepared
a liquid culture of yeast from a dry stock (Fleischmann’s ActiveDry Yeast, ACH Food
Companies, Inc., Cordova, TN). The liquid culture was prepared with filtered water at
∼40o C and was provided dextrose as the primary carbon nutrient (∼50% w/w). For
analysis, a sample of the culture was removed and diluted to a concentration of ap-
proximately 2×107 cells/mL. Prior to injection into the flow cell, the sub-suspension
was sonicated for several minutes and then filtered with a 35 µm mesh membrane.
The cells were injected into the system with a 1 mL syringe at 4 µL/min (∼4.3
mm/s). The MCARS spectra of the flowing cells were recorded at 100 Hz and the
FSC recorded at 10 kHz. The gating was performed in software and triggered from
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changes to the FSC. Figure 101(a) is a density scatter plot of the maximum versus the
minimum FSC for 7685 cells (the intensity represents the density of data points, with
blue areas demonstrating low density, and red areas describing high density). The
baseline FSC (i.e., no particles are present) is ∼6 V. One can clearly see two subpop-
ulations: one with a substantial voltage above the baseline, and one predominantly
below. Figure 101(b) represents two individual elastic scatter measurements taken
from each region that typify the aforementioned effect. The exact shape of the FSC
waveform is dependent on the refractive and diffractive effects due to the cell size,
shape, and internal complexity and structure. Additionally, the high NA excitation
objective creates a large cone of light that probes the cell over a large volume; thus,
the transit time recorded in the elastic scatter measurement may be elongated from
the actual transit time through the focal volume (∼2 - 4 ms). The subpopulation
with the larger maximum FSC likely contains cells with internal scatterers (such as
lipid vacuoles) that provide a mechanism for constructive interference between the in-
cident beam and the scattered photons, whereas the lower maximum FSC population
contains fewer scatterers; thus, the incident beams are only slightly refracted due to
the near index matching between the cytoplasm and the aqueous sample flow [121].
Figure 102(a) shows the mean MCARS spectra (normalized to the spectrum of water)
for the two subpopulations described in 101(a). One can see that the high maximum
FSC population exhibits strong spectral peaks at 1411, 1624, and 2867 cm−1. Because
of the coherent mixing between the NRB and the resonant CARS signal, MCARS
spectral peaks are typically distorted from their spontaneous Raman counterparts.
To counteract these effects, I applied a Kramers-Kronig transform technique for spec-
tral reconstruction using the raw MCARS spectrum of the yeast as the signal and
the spectrum of the aqueous background as the estimated NRB [82]. Figure 102(b)
shows the mean reconstructed spectra for the two yeast subpopulations and a Raman
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spectrum collected from a lipid-rich yeast collected on a commercial microRaman sys-
tem. For the high-maximum FSC subpopulation, 4 peaks are resolved at 1318, 1442,
1662, and 2935 cm−1 that correspond closely with those found in the spontaneous
Raman spectrum at 1328 cm−1, 1442 cm−1 (CH2-deformation), 1652 cm
−1 (amide
I), and 2930 cm−1(CH-stretch). The low FSC subpopulation resolves only a single
clear peak around 2935 cm−1 and two broad, weak peaks around 1582 cm−1 and 1430
cm−1. Based on this analysis, one can see that, indeed, the high-FSC population
contains more prominent lipid-rich internal scatterers than the low-FSC population.
In this yeast culture, ∼71% of the cells measured exhibited a prominent CH-stretch
peak associated with the lipid-rich organelles within the cells [95]. This agrees closely
with the measurement performed with a commercial flow cytometer using Nile Red
lipophilic stain (∼72%).
In another experiment, I compared cultures of S. cerevisiae under different nutri-
tional conditions. In this experiment, I used a pre-prepared liquid cultures of Saccha-
romyces cerevisiae (Yeast Strain 1056, Wyeast Laboratories, Columbia River Gorge,
OR). The liquid culture (∼ 8×108cells/mL) was subdivided into two subcultures, and
one subculture was given a liquid nutrient (wort base) containing essential nutrients,
such as amino acids, nitrogen sources, and sugars, to activate the yeasts metabolism.
The cultures were incubated for approximately 3.5 hours and then analyzed. For
each analysis, the subculture was diluted to a concentration ∼ 4 × 107 (which ap-
proximately coincides with the optimal concentration described in Figure 40). Each
aliquot was injected into the flow cell with a 500 µL syringe at 0.2 µL/min. Each
recording analyzed 1,000 cells (repeat collections performed for all cells). The system
was gated so that the FSC and SSC crossed above the baseline voltages, and the KK-
reconstructed signal of each cell had to contain a spectral peak above the noise level.
Figure 103(a) and (c) plots density scatter plots (the intensity represents the density
of data points, with blue areas demonstrating low density, and red areas describing
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Figure 101: (a) Density scatter plot of maximum FSC voltage versus minimum
FSC voltage for S. cerevisiae. (b) shows two representative time-traces of FSC from





































Figure 102: (a) Mean MCARS spectrum of the subpopulations of yeast in 101(a)
with high (blue) and low (red) maximum FSC. Corresponding reconstructed Raman
spectrum compared to the spontaneous Raman spectrum of a lipid-rich yeast (black).
Image reprinted from [87]. c� Optical Society of America.
high density) of the SSC amplitude as a function of FSC amplitude of the unfed and
fed cultures of strain 1056, respectively. Additionally, Figure 103(b) and (d) shows
the density scatter plots of the maximum KK-reconstructed peak intensity (the CH-
stretch peak at ∼2930 cm−1) as a function of FSC amplitude. The KK-reconstructed
spectra of the fed and unfed yeast cultures and the corresponding Raman spectrum
collected on a confocal Raman microscope are shown in Figure 104. In this figure,
one can see that many of the Raman bands overlap between the spontaneous Raman
spectrum and those collected with the MCARS flow cytometer. Additionally, these
bands are all similar with those previously presented for the single yeast culture. As a
side note, over the course of analyzing many different cultures of yeast, it has become
apparent that bread yeasts (such as Fleischmann’s ActiveDry previously presented)
demonstrate a markedly higher level of lipid content than yeasts selectively bread for
brewing (such as Wyeast Strain 1056 and several other strains analyzed [e.g., Wyeast
strain 2308]). For comparison, the flow cytometric data is presented in Figure 105.
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Comparing the elastic scatter collected with the MCARS flow cytometer and the
commercial flow cytometer presents slight differences. The SSC of both techniques
approximately follows the same trend of the FSC; although the FSC is elongated for
the unfed case. Molecularly, one sees that the unfed yeasts demonstrate an enhanced
level of lipid contributions. Unlike traditional flow cytometry, however, the MCARS
flow cytometer highlights cells with smaller FSC generating a larger MCARS (KK-
reconstructed) response. This may result from the focused beam architecture of the
MCARS flow cytometer: with larger cells, the lipid bodies are able to spread out over
a larger volume. Within smaller yeasts, however, the lipid bodies are confined to a
smaller area. With a focused-beam geometry that scans a subregion of the cell, there
is a heightened probability of scanning one or more lipid inclusions. Figure 106 is a
micrograph collected on a confocal microscope of nile red stained yeast cells. In this
figure, one can see that the lipid body content is approximately the same between
the two cells, but the smaller cell confines these lipid bodies. It should be noted that
the intensity of the fluorescence from the lipid droplets is a function of the larger
cell passing on much of the nile red stain to its offspring, the smaller cell. Although
the MCARS flow cytometer highlights the lipid content of cells with a smaller FSC,
it does demonstrate an overall increase in the total lipid content of the unfed cell
population.
In this section, I demonstrated the analysis of the yeast Saccharomyces cerevisiae.
This particular yeast is a model organism with many human homologs. In the pre-
sented experiments, the MCARS flow cytometer analyzed morphological features and
the content of lipid-rich organelles. Future research could utilize knock-out yeasts to
gain further incite into lipid metabolic pathways. Although lipid research is of vital
importance, future system improvements to MCARS flow cytometry, such as en-
hanced laser sources and improved detection speed, could further improve the use of
MCARS flow cytometry to further molecular analyses.
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Figure 103: (a) SSC amplitude as a function of FSC amplitude for the unfed culture
of S. cerevisaie (Wyeast strain 1056). (b) KK-reconstructed peak intensity of the CH-
stretch peak at ∼2930cm−1 for the unfed culture. (c) SSC amplitude as a function
of FSC amplitude for the fed culture of S. cerevisaie. (d) KK-reconstructed peak
intensity of the CH-stretch peak at ∼2930cm−1 for the unfed culture.






















Figure 104: Normalized KK-reconstructed spectra of the unfed (blue) and fed (red)
yeasts in comparison with the spontaneous Raman spectra of the unfed (green) and
fed (black) yeasts.
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Figure 105: (a) SSC amplitude as a function of FSC amplitude for the unfed culture
of S. cerevisaie (Wyeast strain 1056). (b) Fluorescence intensity as a function of FSC
for the unfed culture. (c) SSC amplitude as a function of FSC amplitude for the fed
culture. (d) Fluorescence intensity as a function of FSC for the fed culture.
1�m
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Figure 106: (a) DIC image of two S. cereviae cells collected with a confocal micro-
scope. (b) Confocal microscopy image of the fluorescence from within the same cells
stained with Nile Red.
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In this chapter, I demonstrated a variety of applications for MCARS flow cy-
tometry such as polymer bead analysis and the analysis of the biological samples
P. tricornutum and S. cerevisae. These example highlight many of the strengths of
MCARS flow cytometry, such as improved sizing of polymer beads based on FSC
amplitude, and the ability to analyze lipid content without the necessity of exoge-
nous labels. This chapter also served to demonstrate that although MCARS flow
cytometry has developed rapidly, there are still numerous areas of improvement to
further the technique. The next chapter discusses many system enhancements and
future applications of MCARS flow cytometry to even further promote this technique
as a powerful analytical tool.
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CHAPTER 6
IMPROVING MCARS FLOW CYTOMETRY AND
FUTURE DIRECTIONS
MCARS flow cytometry is a developing area of research that combines the label-free
abilities of coherent Raman spectroscopies with the high-speed, single-cell analysis ca-
pabilities of flow cytometry. Throughout the previous chapters, the MCARS flow cy-
tometry platforms demonstrated numerous applicability to a range of samples. These
demonstrations represent not only a milestone in coherent Raman development, but
also a starting point for further system enhancements to truly create a more versatile
tool. In this chapter, I will present several opportunities for system enhancement as
well as several potential new applications.
6.1 Improving Label-Free Flow Cytometry
6.1.1 PCF for Enhanced Stokes Source Energy Density
MCARS spectroscopy is a powerful tool for the label-free analysis of sample molecu-
lar composition. These systems, unlike CARS microscopy systems, utilize broadband
sources to probe a wide Raman spectral region; thus, providing dense multiplex infor-
mation in a single acquisition. MCARS systems, in their typical architecture, employ
a single laser to act as the pump source and to seed a length of PCF for the genera-
tion of a broadband Stokes source to probe beyond 3000 cm−1 [60,64,122–127]. The
microstructured interior of these fibers create tight optical confinement that results
in huge local field intensities. This mechanism allows even modest pump powers to
experience strong nonlinear interactions. Through an interplay of soliton formation,
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decay, and collapse; Raman scattering; FWM; and a variety of other linear and non-
linear, coherent and incoherent effects, a narrowband pump evolves into a “white
light” source spanning over 1000 nm [83, 84, 128]. Unfortunately, these supercontin-
uum sources compromise spectral breadth for energy density. This reduced energy
density in the Stokes source requires additional energy in the pump source to increase
the intensity of the anti-Stokes photons, which may induce photodamage [46,129]. In
order to more efficiently generate anti-Stokes photons and to reduce the risk of sample
damage, new PCF sources need to be investigated and selected (or designed if nec-
essary) to generate a broad supercontinuum (∼250 nm with a ∼800 nm pump/seed)
that is also energy dense.
Over the last decade, the commercial availability of PCFs has expanded as these
fibers are useful for inducing large nonlinear effects with modest incident optical pow-
ers. For MCARS spectroscopy, this availability of PCFs opens the doors to improved
Stokes sources which may reduce the gap between CARS and MCARS sensitivities.
CARS microscopy systems, typically, utilize a picosecond laser and an OPO to gen-
erate the Stokes and pump sources, respectively. For example, the system described
in [123] uses a 1064 nm, 7 ps Nd:Vanadate laser to act as the Stokes source and to
pump and OPO that provides a 5 ps tunable pump source between 780-930 nm (both
sources operate at 76 MHz repetition rate). The average power of each incident source
on the sample is 50 mW. The Stokes source bandwidth is ∼0.14 nm (2.1 cm−1), and
the pump source bandwidth is ∼0.33 nm (2.93 cm−1); thus, the power density is ∼357
mW/nm (24 mW/cm−1) and 151.5 mW/nm (17 mW/cm−1) for the pump and Stokes
sources, respectively. Under these conditions, nearly all of the optical power is focused
within, for example, a 1 cm−1 wide Raman band. The developed MCARS system,
on the other hand, uses a 806 nm, ∼125 fs source to act as the pump (after spectral
filtering the source pulse duration is ∼322 fs) and to seed a length of PCF. Incident on
the sample, the pump is ∼50 mW and the Stokes source is ∼10-40 mW spanning 850
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- 1600 nm. The power density of the pump is ∼16.9 mW/nm (1.1 mW/cm−1) and the
Stokes source (at 40 mW) 0.053 mW/nm (0.006 mW/cm−1). As the intensity of the
anti-Stokes photons is quadratically proportional to the intensity of the pump and
linearly proportional to the intensity of the Stokes,this leads to orders of magnitude
higher intensity of anti-Stokes photons (experimentally, approximately 3-4 orders of
magnitude including detector sensitivities). To improve MCARS sensitivities, it is,
therefore, imperative to improve the excitation sources. Beyond stronger, more stable
pump sources, the supercontinuum source requires extensive improvement to provide
the levels of power necessary to provide high-quality spectra.
To [qualitatively] describe the creation of the supercontinuum in a PCF as to
better optimize the future selection of the PCF for Stoke source generation, I created
a frequency-domain simulation tool in MATLAB that simulates the generation of the
supercontinuum along the length of fiber (all fibers simulated to be 12 cm long). The
simulation tool was developed in MATLAB and uses a 5th order Runge-Kutta method
to solve for the generalized nonlinear Schrödinger’s Equation (NLSE) in the frequency-
domain at each spatial step [130, 131]. The effects included in this simulation are
dispersion, stimulated Raman scattering, self steepening, and self-phase modulation
(SPM) [21,22,128,132]. Figure 107 shows the spectral (a) and temporal (b) evolution
of a 10 kW peak power, 50 fs incident pulse (hyperbolic secant), centered at 835
nm (the dispersion terms [up to 10th order] are given in Table 8 [128]). This fiber
closely resembles the performance of many fibers used for supercontinuum generation
with a zero-dispersion wavelength at 780 nm. In this simulation, ∼36% (17.59 mW)
of the incident power falls within the range of interest for Raman (0 - 3100cm−1).
Within this region, only about 0.033% (16 µW ) falls within the CH-stretch energy
region (2800-3000cm−1). Increasing the pump peak power to 20 kW decreases the
percentage of the incident power coupled into the wavelength region of interest to
31.3% but increases the total power in this region to 30.58 mW (the power coupled
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into the CH-stretch energy region is 1.27 mW) (see Figure 108). Increasing the peak
pump power even higher to 30 kW, reduces the coupling power even further to 23.3%
(34.2 mW), and the CH-stretch coupled power reduces to 0.675% (0.989 mW); thus,
increasing the incident power increases the total output power coupled to Raman















































Figure 107: (a) Simulated spectral evolution of an 835 nm, 50 fs seed pulse within
a PCF. The dashed lines indicate the zero-dispersion wavelengths. (b) Simulated
temporal evolution of the seed pulse propagating through the PCF.
An alternative solution to forming a continuum that lies within the spectral re-
gion of interest may be provided by PCFs with two closely spaced zero-dispersion
wavelengths [133]. By pumping these PCFs within the anomalous dispersion regime,
higher-order soliton formation and decay occur, but the normal dispersion region of
the fiber spectrum lying just to the red side of the anomalous region confines the
soliton formation over a small spectral region. In turn, this produces a supercontin-
uum over a narrower region [128, 133]. To simulate a fiber with two closely spaced
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Table 8: Dispersion terms (at 835 nm) for the simulated PCF with a zero dispersion


































































Figure 108: (a) Simulated spectral evolution of an 835 nm, 50 fs seed pulse within
a PCF. The dashed lines indicate the zero-dispersion wavelengths. (b) Simulated
temporal evolution of the seed pulse propagating through the PCF.
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zero dispersion wavelengths, I approximated up to the β7 dispersion term based on
the β2 diagram presented in [133] (this particular fiber was developed for MCARS:
FemtoWhite-CARS, NKT Photonics, Birkerød, Denmark). The β2 and dispersion
diagrams for the simulated fiber are presented in Figure 109(a) and (b), respectively.
Table 9 provides up to the 7th-order dispersion term for the simulated fiber. Fig-
ure 110 shows the spectral (a) and temporal (b) evolution of a 10 kW peak power,
50 fs incident pulse (hyperbolic secant), centered at 835 nm within the simulated
fiber. One can see obvious spectral differences in comparison to Figure 107 such as
the breadth of the supercontinuum is greatly diminished, and the intensity of the
spectrum is primarily flat in the region of wavelengths longer than the pump. For
this simulated fiber, 47.5% (23.2 mW) of the optical power at the beginning of the
PCF is converted into wavelengths within the Raman region. Additionally, 0.26%
(0.122 mW) of the optical power falls within the CH-stretch Raman energy region–
approximately an order of magnitude more power than with the fiber presented in
Figure 107. In the previously presented fiber with a single zero-dispersion wavelength,
there existed a prominent spectral feature around 1300cm−1. Increasing the incident
power, as shown in Figure 108 to the PCF would only push that prominent band
further away from the pump (and further outside of the Raman energy region of in-
terest). This dual zero-dispersion wavelength fiber, on the other hand, produces a
much broader prominent spectral region centered at ∼1000 nm and increasing the
incident power will only have a modest impact on this wavelength– as will adjusting
the pump wavelength. To demonstrate these effects and to simulate a more-optimized
source for MCARS, I simulated the same fiber with the center wavelength at 806 nm
(i.e., the center wavelength of the current MCARS system) and a seed source peak
power of 30 kW (∼1.7 nJ, ∼147 mW) as shown in Figure 111 (the dispersion terms
up to the 7th-order are presented in Table 10). Again, one can see the generated
spectrum is relatively flat and is centered around 1100 cm−1. In this simulation,
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32.2% (46 mW) of the incident power was converted into wavelengths within the
Raman region of interest. Additionally, 5.8% (8.5 mW) of the incident power was
converted into wavelengths falling within the CH-stretch energy region. Compared
to the single-zero-dispersion wavelength fiber, this simulated fiber provides over 500
times the output power within the CH-stretch region and a factor of 2.67 improvement
over the entire Raman region of interest.































Figure 109: (a) Simulated β2 dispersion term for a commercially available PCF with
two closely-spaced zero-dispersion wavelengths. (b) Simulated dispersion, D.
Table 9: Dispersion terms (at 835 nm) for a simulated PCF with two closely-spaced






























































Figure 110: (a) Simulated spectral evolution of an 835 nm, 50 fs seed pulse within
a PCF. The dashed lines indicate the zero-dispersion wavelengths. (b) Simulated
temporal evolution of the seed pulse propagating through the PCF.
Table 10: Dispersion terms (at 806 nm) for a simulated PCF with two closely-spaced





























































Figure 111: (a) Simulated spectral evolution of an 806 nm, 50 fs seed pulse within
a PCF. The dashed lines indicate the zero-dispersion wavelengths. (b) Simulated
temporal evolution of the seed pulse propagating through the PCF.
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energy densities of the supercontinuum Stokes source and the optical damage thresh-
old that prevents increasing the pump source intensity ad infinitum, the emerging
varieties of commercially available PCFs offer hope. For MCARS applications, the
arrival of PCFs with two closely spaced zero-dispersion wavelengths coincidentally
falling near the Raman energy range of interest appear to be a promising ally in
promoting MCARS spectroscopy to CARS microscopy sensitivities. Additionally,
improving the pump and Stoke source open up numerous other system enhance-
ments, such as having the ability to spectrally filter the pump beam and still maintain
large powers, and the possibility of using high-speed, multi-element detectors, such
as CMOS cameras. Clearly, it is of vital important to improve the laser sources for
use in MCARS spectroscopy.
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6.1.2 Multimodal Flow Cytometry
Label-free flow cytometry using MCARS provides a new paradigm in flow cytomet-
ric analysis. Although this new technique offers the possibility of molecular analysis
without labels, current source and detector limitations place constraints on the molec-
ular sensitivity of analysis. For analysis of large molecule, moderate concentration
analytes, such as intracellular proteins, it is likely that source and detector improve-
ments will overcome these limitations as CARS microscopy has demonstrated sensi-
tivity levels capable of observing these cellular constituents. For small molecules and
low concentration molecules, such as intracellular glucose and cell surface receptors,
the challenge is considerable and another solution may prove more immediately prac-
tical: multimodal flow cytometry that combines fluorescence detection and MCARS
spectroscopy.
As discussed in Chapter 4, the sensitivity of MCARS flow cytometry to dilute
solutions of fluorochromes (and fluorophores) is limited. From this perspective, there
is no limitation to using both fluorophores and MCARS flow cytometry. Addition-
ally, many fluorophores are excited and emit in spectral regions below the anti-Stokes
photon wavelengths for the demonstrated system. In order to enhance the opera-
tion of MCARS flow cytometry, multimodal flow cytometry utilizes both MCARS
spectroscopy and fluorophore detection to create a system that relies on minimal
fluorescent markers for sample analysis, but offers the flexibility to analyze a broad
range of analytes and phenotypes. For example, Figure 112(a) and (b) shows the
absorption and emissions spectra of seven common fluorophores that have emission
profiles outside of the spectral window used for MCARS spectroscopy. Additionally,
as fluorophore concentrations are usually in the micromolar concentration (or less),
the spectra of the Raman profiles of these fluorophores are unlikely to interfere with
the MCARS spectra of the molecular constituents of the sample of interest.
In order to fully realize the potential of multimodal flow cytometry, I envision
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Figure 112: (a) Absorption and (b) emission profiles of several common fluo-
rochromes/fluorophores. By properly selecting fluorophores that do not absorb or
emit within the same spectral region as the MCARS signal, multimodality may be
possible.
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a compact spectrometer capable of simultaneously analyzing the fluorescent and
MCARS spectra in a single box. Figure 113 presents a schematic of a high-speed,
dual channel spectrometer. This spectrometer uses multianode PMTs as multiele-
ment detectors. Multianode PMTs are PMTs in which the anode is electrically and
optically segmented to act as a multichannel detector. Currently, the largest multi-
anode PMTs (linear array) contain 32 channels (e.g., the Hamamatsu H7260 series,
Hamamatsu Photonics K. K., Iwata City, Japan). Two of these PMT modules could
be placed side-by-side to expand the detection bandwidth and resolution (with fine-
tuning available with grating selection and distance between the detector and grating)
for both the fluorescent and MCARS detection. In order to collect the signals from
each anode of each detector, one could use a a multichannel integrating DAQ such
as the PhotoniQ IQSP582 (Vertilon, Wastford, MA). These specialized DAQ systems










Figure 113: Schematic of a multimodal flow cytometer spectrometer capable of
recording both fluorescence intensity (and/or spectra) and MCARS spectra. This
system is envisioned with multi-anode PMTs (although other high-speed detectors
are possible) to facilitate high-speed measurements.
With the speed and sensitivity afforded by multianode PMTs, and the flexibility,
selectivity, and sensitivity provided through fluorescent labeling (or other labeling
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technologies), the multimodal flow cytometer could provide a generalized tool capable
of analyzing the Raman spectra of passing sample at high-speed while monitoring
targeted phenotypes with fluorescent probes.
164
6.1.3 Stimulated Raman Scattering (SRS) Flow Cytometry
In this work, I have presented the first label-free flow cytometer that utilizes a non-
linear optical process to probe molecular composition. Although CARS/MCARS is a
powerful technique for label-free optical analysis, other optical mechanisms could pro-
vide additional performance and sensitivity. One technique, in particular, that shows
promise is stimulated Raman scattering (SRS), which has recently demonstrated even
higher sensitivity than CARS microscopy [45]. SRS is similar to CARS in that Ra-
man molecular vibrations are excited, but unlike CARS, the detection is not of the
anti-Stokes photons, but rather observation of the absorption of the pump or Stokes
source. The sensitivity of SRS is greatly improved over CARS techniques due to the
nonexistence of a background signal (although cross-phase modulation and sample
absorption can perturb the experimental measurements). The lack of a background
signal provides superior sensitivity to CARS (over four orders of magnitude [45]),
and the lack of the NRB also generates SRS spectra that are not distorted from the
spontaneous Raman spectra. Figure 114(A) and (B) provides the energy diagram
and the input and output spectra gathered from SRS, respectively. Figure 114(C)
demonstrates the use of high-speed Stokes source modulation, in order to induce a
high-speed modulation in the output signal that can be used in conjunction with
lock-in detection to isolate the SRS signal from other sources of signal fluctuation.
Figure 114(D) presents a schematic of an SRS microscope, and (E) demonstrates the
sensitivity of the SRS microscope described in [45] to 50µM of retinol solution. Fi-
nally, Figure 114(F) demonstrates the difference between a collected SRS and CARS
spectrum (the CARS spectrum was collected by sweeping the excitation source wave-
lengths; thus, it is not an MCARS spectrum), and (G) demonstrates the similarity
between the spontaneous Raman spectrum and the SRS spectrum of retinol in the
CH-stretch Raman energy region.
Although SRS provides higher sensitivity than CARS, current implementations of
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Figure 114: (A) Energy diagram of stimulated Raman scattering (SRS). (B) Through
the SRS optical mechanism, pump photons are absorbed (stimulated Raman loss
[SRL]) and Stokes photons are generated (stimulated Raman gain [SRG]). (C) For
the detection of SRL, the Stokes beam is modulated. Measuring the pump beam and
the imparted modulations, allows for recovery of the SRL intensity. (D) Schematic
of an SRL microscope with lock-in detection. (E) The measured SRL of retinol as a
function of concentration demonstrating the linear dependence of the SRL signal on
concentration. The demonstrated sensitivity limit is 50 µM . (F) The recorded SRL
spectrum (red), CARS spectrum (blue), and spontaneous Raman spectrum (black) of
retinol in methanol around 1595 cm−1. (G) The SRL spectrum (red) and spontaneous
Raman spectrum (black) of neat methanol.
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SRS require wavelength scanning to provide multispectral information (a broadband
implementation of SRS was demonstrated, but was only capable of probing single
vibrational energy levels per acquisition [134]). Additionally, CCD detectors do not
offer lock-in detection capabilities. Two alternatives to CCD cameras, however, are
multianode PMTs and photodiode arrays. The Heliotis C2 Camera (Heliotis AG,
Root Längenbold, Switzerland), for example, contains a 144x90 pixel photodiode
array that natively provides the hardware to simultaneously demodule each channel
at up to 300 kHz. Using this camera on the output of a spectrograph, one could
monitor the spectral gain bands within the supercontinuum of the supercontinuum
source. Alternatively, one could use the output of a PCF as a broadband pump
source (in conjunction with a relatively narrowband Stokes source) and monitor the
absorption bands within the supercontinuum.
SRS is a relatively new technique for the label-free microscopic analysis of bi-
ological samples. Although much development is required to implement multiplex
(broadband) SRS, the sensitivity rewards could be tremendous. Additionally, the
developed technique would not only serve as a subsystem for label-free cytometry,
but could also greatly impacts label-free microspectroscopy.
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6.2 Future Applications
Throughout this thesis, I have presented several demonstrations of the application
of label-free flow cytometry to biological specimens and pertinent assay techniques.
These demonstrations serve to illuminate the applicability of MCARS flow cytometry
to a range of samples, but there are numerous other possibilities for biological and
chemical analysis as well as in clinical use. Additionally, with improvements in excita-
tion sources and detector speeds, these possibilities will further increase. Two specific
example applications for label-free flow cytometry are for real-time blood analysis for
surgical patients and for real-time monitoring of water quality.
Cardiopulmonary bypass is a surgical technique used extensively during open-
heart surgery. During this procedure, the operation of the heart is taken over by a
series of mechanical pumps and machines (such as oxygenators, which infuse pass-
ing blood with oxygen). Currently, real-time monitoring of blood gas and white
blood cell activity is limited; thus, decisions making for such procedures as blood
transfusion rates and coagulant addition are made with only limited information at
hand [135–137]. Additionally, even the efficacy of point-of-care techniques, as op-
posed to laboratory testing, are called into question [138]. MCARS flow cytometry,
on the other hand, could actively monitor the state of red blood cells (such as the
oxygenation [139], white blood cell activation (see Figure 115 for an MCARS image of
a lysed blood cell taken with the developed MCARS microspectrometer), and platelet
function, and the system could be directly connected to the bypass fluidic system.
Ensuring the quality of waterways and potable water is vitally important across
the globe. In numerous countries, clean, safe water is a luxury not a guarantee.
Additionally, in light of environmental disasters and the threat of terrorism, moni-
toring municipal water supplies and recreational areas has found a new importance.
Monitoring the quality of water, however, is a time-consuming task that often re-














































Figure 115: (a) Bright field micrograph of a lysed granulocyte. (b) MCARS mi-
crospectrograph of the same lysed granulocyte at ∼2848.8cm−1.
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Many microbial assays rely on analyzing culture growth of microbes found in the
sample [140–142]. These tests often require several hours to a few days to quantify
the analysis. Additionally, direct testing of the water by traditional flow cytometers
is laborious as it would require the constant addition of fluorescent labels [141], it
would be slow as incubation of the cells with the fluorescent labels require minutes
to hours, and the focal volume is huge compared to bacteria; thus, their direct obser-
vation is challenging [1]. MCARS flow cytometry, on the other hand, uses a focused
beam architecture (“slit-scanning” [105, 106]); thus, it may provide better resolution
and sensitivity to microbes, and it removes the necessity of fluorophores; therefore,




In this research, the main focus has been on the development and implementation
of the first label-free flow cytometer using MCARS spectroscopy. The first course of
action was the development and characterization of the MCARS microspectrometer
subsystem. The developed system demonstrated high-speed acquisition of sample
spectra and was applied to a number of biologically relevant specimens to demonstrate
molecular sensitivity and the feasibility of identifying different compounds based on
their MCARS spectrum. Additionally, the first implementation of interferometric
MCARS (iMCARS) was developed and the feasibility of its use investigated. Further
MCARS investigation included quantitative analysis of the sensitivity of the system
to demonstrative model chemicals. Although this research focused on the elimination
of fluorescent labels, these labels offer a level of sensitivity for small and rare molecules
(such as surface proteins) that MCARS is currently unable to detect. To leverage the
strength of these labels without eliminating the possibility of MCARS analysis, the
sensitivity of MCARS to fluorescent markers (using several common fluorochromes)
was investigated, and it was determined that certain fluorescent probes and MCARS
can coexist in the same system without interference.
The next step in the development of the MCARS flow cytometer was the integra-
tion and characterization of the fluidics and elastic scatter measurement platforms
along with the MCARS spectroscopic subsystem. Modeling of the flow performance
in the microfluidic chip provided practical performance limitations and parameters of
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the fluidics subsystem. Combining MCARS spectroscopy and elastic scatter measure-
ment of flowing samples offers dense multiparameter information about the morphol-
ogy and composition of the sample. Through extensive experimental characterization
and modeling of elastic scatter within samples demonstrated the sensitivity of the
elastic scatter platform to the size and composition of the flowing sample, and along
with understanding of the fluid dynamics within the flow cell, offered the ability to
qualitatively and (under certain conditions) quantitatively extract morphological in-
formation about the flowing particles at high-speed. Finally, the sensitivity of the
MCARS spectrometer subsystem was compared with the sensitivity of an MCARS
microspectrometer in view of the fact that spectra are collected constantly, regardless
of whether a sample is present. This investigation demonstrated that under cur-
rent operating conditions, the sensitivity is minimally affected by the use of flowing
samples, but as integration times reduce and flow rates increase, certain considera-
tions and further system development might be necessary to maintain high molecular
sensitivity.
To demonstrate the applicability of the system to biological analyses, several ex-
ample samples were explored. The first biologically-relevant tool was the analysis of
assay beads. Bead assays are a powerful tool for the analysis of samples that are
difficult to directly analyze. The MCARS flow cytometer demonstrated the ability to
identify polymer beads of differing size and composition. Performance strengths, such
as its improved sizing capabilities, and limitations were also addressed. The next sam-
ples were cultures of the diatom Phaeodactylum tricornutum. Although their native
fluorescence, even under NIR excitation, can prevent the use of Raman microspec-
troscopy, the MCARS flow cytometer was capable of recording unique MCARS spec-
tra for each diatom at high-speed. Using this system, information about the health
of the diatom as related to its nitrogen source availability was demonstrated. The
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final biological samples analyzed were several cultures of yeast. Yeasts are a pow-
erful model organism that contains many homologs to higher eukaryotic organisms–
including humans. The MCARS flow cytometer demonstrated a high-level of sensi-
tivity to the intracellular lipid organelles and provided the first MCARS spectra for
this organism extending into the “fingerprint” region of the Raman spectrum.
MCARS flow cytometry provides a powerful platform for the analysis of molec-
ular composition of flowing samples. As the first demonstration of label-free flow
cytometry using nonlinear optical methods, this system opens up new paradigms in
cytometric analysis and avenues of research and development in biology, chemistry,
and medicine. Additionally, this system offers the possibility of integration into com-
mercial flow cytometers as it is compatible with traditional assay techniques. Finally,
the characterization and demonstration of a label-free flow cytometer offers a testbed
for other nonlinear optical techniques to be applied to flow cytometric analysis. Tech-
niques, such as SRS, could be developed and implemented and even possibly replace
MCARS as the tool of choice for label-free flow cytometry.
A brief summary of the main contributions of this work:
• I demonstrated the first use of a photonic crystal fiber for the generation of
a supercontinuum Stokes source and a broadband local oscillator for use in
interferometric MCARS.
• I developed and characterized the first label-free flow cytometer that utilizes a
nonlinear optical process to analyze molecular constituents of flowing samples
over a broad spectral range.
• I demonstrated the fastest MCARS spectral acquisition rate (100 Hz) and the
fastest MCARS acquisition rate capable of probing into the “fingerprint” region
of the Raman spectrum with high sensitivity.
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• I presented the first quantitative analysis of MCARS sensitivity to molecular
concentration.
• I presented the first analysis of yeast cells beyond the CH-stretch Raman energy
region.
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